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Abstract
Abstract
The investigations of nutrient gradients in animal cell aggregates were conducted on 
three types of cell; HeLa S3, genetically engineered BHK and D36 hybridoma cells for 
the production of poliovirus, alkaline phosphatase enzyme and monoclonal antibody, 
respectively as their biological products. Agitation speed in stirred flasks controlled 
the size of HeLa S3 and BHK aggregate formation and had adverse an effect on 
hybridoma cells by reducing their viability. The three types of cells showed a 
preference to grow in roller bottles, where cell aggregation was promoted and cell 
growth was unaffected. Addition of calcium alone up to 750pM into the culture 
media, which already contained 423pM calcium ions, induced the formation o f HeLa 
S3 cell aggregates without affecting cell growth. However, the cell viability was 
reduced when calcium was added at higher than 750pM. Relatively larger aggregates 
and more extensive cell growth were obtained when collagen solution was added in 
combination with calcium into the culture media. Because of its potential in 
promoting cell aggregation, a desiccated type o f collagen made from calf skin, 
selected from the commercially available ranges via collagen fast tests, was used in 
these investigations. Various concentrations with or without calcium were added into 
the cell culture media to grow the three types of cell.
Different types of cell growth were observed, through manipulation of the cell growth 
parameters accordingly to the aggregate sizes which enabled the indirect 
determination of nutrient gradients in HeLa S3 and BHK aggregates. Positive 
gradients in HeLa S3 and BHK aggregates showed that the cell viability and metabolic 
activity were increased with the enlargement o f the aggregates. By contrast, efforts to 
achieve cell aggregation were unsuccessful with hybridoma cells where calcium and 
collagen additions gave adverse effects on growth and productivity. Optimum 
concentrations of both calcium and collagen were sought for HeLa S3 and BHK cells, 
for inducing the largest aggregate formation and maximum cell growth. Combinations 
of 750pM calcium and 0.0025% collagen for HeLa S3 cells and SOOpM calcium and
0.0075% collagen for BHK cells were applied for the formation o f the largest 
aggregates and maximum growth. These aggregates were used for direct 
determination of nutrient gradient within the aggregates by cell staining and confocal 
microscopy technique.
No cell viability gradient was found within the aggregates due to the loosely packed 
viable HeLa S3 cells, while the dead cells were released from the intact aggregated 
cells. Meanwhile, the insertion of an O? microelectrode into BHK aggregates depicted 
the p0 2  level within the aggregates. The morphology of aggregates determined the 
pattern of pÛ2 profiles where spherical shaped aggregates exhibited zero and low p0 2  
areas towards the centre of aggregates. Addition of calcium and collagen improved
Abstract
cell growth where the low and zero pÛ2 area was reduced even though the larger 
aggregates were > 1000pm in diameter. The formation of larger aggregates from the 
optimum concentration of calcium and collagen addition also increased the biological 
production of HeLa S3 and BHK cells. HeLa S3 aggregates produced almost twice the 
amount of poliovirus titre over the slightly aggregated control cultures. Similarly, 
larger BHK aggregates produced twice to four times higher alkaline phosphatase 
enzyme compared with the control untreated BHK aggregate culture.
© Nurina Anuar 1998
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CHAPTER 1 INTRODUCTION
1. INTRODUCTION, REVIEW OF LITERATURE AND 
OBJECTIVES OF THE STUDIES
I INTRODUCTION
Animal cell culture technology has expanded and progressed extensively within 
the last decade. These are the consequences of the high demand for the production 
of the increasing range of biological compounds produced by animal cell culture 
(Butler, 1987). The biological products such as monoclonal antibodies, viral 
vaccines, hormones, interferons and enzymes are high value compounds in medical 
and veterinary applications, for use in diagnosis, prophylaxis or therapy.
Manipulation of cell culture conditions has been carried put to establish the so- 
called “high density” or “high concentration” cell culture system. The ideal aim is
g
to develop a cell culture system with the ability to produce up to 10 cells/ml. High 
concentration culture is essential for the efficient production o f biological 
substances, since the animal cells usually have lower growth rates and produce 
smaller amounts of product compared with other microorganisms (Ogawa et al., 
1992). According to McCullough and Spier (1990) a dense cell culture would be
g
the culture in which, the cell concentration would be greater than 5x10 cells/ml. 
However, most of the documented reports have considered that the cell 
concentrations of more than 5xl0^cells/ml are high concentration or dense cell 
cultures.
Essentially, two approaches have been taken towards large-scale production of 
animal cells; ( 1) free homogeneous suspension cells in medium and (2 ) 
immobilised cells in various ways (Birch et al., 1985). Homogeneous suspension 
cells are normally grown in culture vessels or bioreactors, which have been 
adapted from bacterial or yeast culture systems. Meanwhile the immobilised
1
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systems are developed to enable the anchorage dependent characteristic o f most 
types of animal cells which require a substratum to grow and proliferate. In these 
latter systems, mass transfer problems are usually encountered particularly when 
high cell concentrations are achieved because of the development of the 
heterogeneous growth of the cells (Fleishaker & Sinskey, 1981). As an alternative, 
Tolbert and his colleagues (1980) have demonstrated the growth o f cells in 
aggregate form. This system was suggested so that anchorage dependent cells 
could be grown in a suspension system, particularly in a stirred vessel which they 
claimed as the most efficient method. This approach seems like a combination of 
the heterogeneous cell growth, adapted into the homogenous suspension system. 
The aggregate system has been tested by many other researchers and they 
concluded that higher cell growth and productivity can be obtained (Goetghebeur 
& Hu, 1991; Ogawa et al., 1992; Litwin, 1992; Moreira et a l, 1992; 1994; 1995; 
Peshwa et al, 1993; Yamazaki et al, 1995; Wu et al, 1996).
The formation of animal cell aggregates can occur naturally, especially in 
fibroblast type of cells. Aggregates were formed by simple stirring in a culture 
vessel (Moreira et a l, 1992) while the size of the aggregates was controlled by the 
hydrodynamic effect as a result of the agitation (Peshwa et a l,  1993). However 
the cell aggregates can also be induced by the manipulation of the cell medium by 
the additions of various additives such as certain polymers, calcium and 
extracellular matrix materials. In this way, transformed cells, which normally 
grow as monodisperse suspension can also be adapted to grow in aggregates for the 
production of higher cell concentrations.
Another aspect, which also correlates with the animal cell productivity, is the 
existence of gradients in animal cell culture systems. The gradients influence the 
productivity by increasing or decreasing yields as well as causing the formation of 
defective or inappropriately modified products (Spier, 1995). According to the 
Collins Dictionary (1995), a gradient is defined as “the changes in a defined 
parameter over a specified distance”. Therefore, a nutrient gradient in a cell 
culture system could be defined as the changes of any nutrient concentration such 
as carbon sources or oxygen over a particular distance. The investigation of
2
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nutrient gradients in animal cell culture systems includes the study at the 
intercellular level of the cells as well as inside the culture vessels for the large- 
scale production of biological products.
This study aims to investigate the induction of cell aggregates in three different 
types of cells, each producing different types of biological product. The 
aggregates are induced by modifications of the cell culture conditions to obtain 
different ranges of aggregate sizes. The modifications are made by introducing 
different agitation speeds in the culture vessels, and by adding calcium and 
collagen at various concentrations into the culture media to induce cell 
aggregation. The results are manipulated for the indirect determination of the 
nutrient gradients of the aggregates. Direct determinations of the nutrient gradient 
within a particular aggregate are also investigated by using fluorescence stains and 
O2 microelectrodes. The optimum condition and composition o f the cell culture 
media for each type of cell are finally used to study and compare the productivity 
of the cell systems deliberately grown as aggregates.
II REVIEW OF LITERATURE
1.1 The culture of animal cells
To appreciate the factors which affect the growth of animal cells in culture, it is 
necessary to review the history o f such cultures and then to examine those 
biochemical parameters, which affect aggregate formation. As these effects 
depend on the nature of the culture system and the type of cell under investigation, 
these parameters will also be reviewed.
1.1.1 Histoiy and development of animal cell culture
The history of cell culture goes back as far as the 1650’s when Van Leeuwenhoek 
observed “animacules” using the first high magnification single lens microscope. 
Since then, the concept of cellular structure of living organisms has attracted the
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attention of many scientists. The earhest attempts to culture animal cells were 
reported much later compared to plant cells whose culture had started around the 
end of the 1600s. However, the modem concept of the animal cell is believed to 
have arisen around 1837 from two pioneers, Schleiden and Schwann whose 
discussion on the existence of nuclei led to the establishment of the universality of 
the cellular basis for both animal and plant cells (cited by Spier & Griffiths, 1985). 
Then, Claude Bernard (1813-1878) came up with the idea that the characteristic of 
living organisms was to preserve the status of their internal conditions despite of 
the changes in their external environment. If  the difference between the internal 
and the external environment was minimised, it might result in cell growth and 
division. This concept had led to the development of fluids capable of maintaining 
and promoting the cells outside a living body. Both viable and non-viable cells 
were counted from stained samples and the viability was expressed as a percentage 
value (Spier & Griffiths, 1985).
It was the efforts of Roux (1885) and Arnold (1887) who demonstrated that living 
tissues could be maintained outside the body (referred by Wigley, 1994). In their 
work, they successfully maintained embryonic chick medullary plate and frog 
lymphocytes in warm saline. However, these cells could only survive for a short 
period due to cell nutrients deficiency. In 1897, Loeb demonstrated the survival o f 
blood cells and connective tissues in tubes of serum and plasma. This was 
followed by Ljunggren (1898) who was able to maintain the viability o f human 
skin explant in ascitic fluids before reimplantation. By supplementing blood 
serum. Jolly (1903) managed to extend the survival o f the salamander leukocytes 
up to a month and furthermore observed the cell division in hanging drops. This 
technique was then improved and defined by Ross Harrison (1907) by suspending 
a dissected nerve tissue from frog embryo in lymph fluid, which was allowed to 
clot as a droplet on the underside of a microscope slide. In this way, he was able to 
observe cell growth for several weeks, clearly showing that each nerve fibre was 
the outgrowth of a single nerve cell, which finally resolved the controversies 
regarding the nerve fibre at that time (Wigley, 1994).
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The difficulty of repeat cell cultures was due to the culture being overwhelmed by 
microbial contamination. Carrel overcame these problems by practising strict 
aseptic procedures in 1912, by which he managed to establish a wide range o f 
mammalian cell lines, and prolonged the subculture of some cell preparations for 
many years. The good survival and growth of the cells were maintained using 
chick embryo extract mixed with plasma. In 1923, he also invented the Carrel 
flask, a small flat bottomed container devised for ease of aseptic manipulation. 
Contamination remained a major problem until antibiotics were introduced by the 
late 1940s which reduced the chance of contamination and allowed fiirther 
progress in cell culture studies (Butler, 1987).
In 1937, Simm and Stillman introduced trypsin during cell passaging between 
plasma cultures prior to subculturing (cited by Wigley, 1994). The digestive 
enzyme was used to obtain a suspension of single cells which enabled Sanford et 
al. (1948) to prepare clones of the mouse L-cell and established a pure strain of 
cells. It was later followed by Gey (1952; documented by Spier & Griffiths, 1985) 
whose laboratory had established the HeLa cell line from a cervical carcinoma of 
Henrietta Lacks, the first human cell line. The technique of trypsinization was then 
properly defined by Moscona and Moscona (1952) which was a major innovation 
in obtaining cell suspensions from intact tissues as well as simplifying the 
procedure of cell separation (Rinaldini, 1958; referred by Spier & Griffiths, 1985). 
The use of trypsin also promoted the establishment of single cell culture and 
distinguished the concept of “cell culture” from “tissue culture”. Although both of 
these terms are often interchanged, tissue culture involves the growth o f cells in 
vitro in a tissue matrix, which may consist of several types of cells, whereas cell 
culture involves the growth of a single type of cell as an independent 
microorganism.
There was an assumption that once a cell culture was established, its life span was 
infinite. When the human cell line (named as WI-38; WI for Wistar Institute) was 
derived in 1961 by Hayflick and Moorhead, this assumption was proven untrue as 
the cells showed signs of senescence or ageing, finally dying out after undergoing 
about 50 doubling processes. The WI-38 cells were diploid cells, which were
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found to be genetically stable and free of known latent and oncogenic viruses; by 
contrast with the previously isolated heteroploid tumour derived cells (Spier & 
Griffiths, 1985). Such findings generated more understanding on the differences 
between normal somatic cells and transformed tumour cells as well as their 
functions and applications in cell culture studies. There was also more knowledge 
about differentiated cells when Buonassisi and others (1962) developed a method 
for their maintenance; while studying the differentiation process of normal 
myoblasts in vitro.
Expanding investigations of cell metabolism enabled the nutritional requirement of 
the cell culture to be defined (Fisher et al., 1948; referred by Wigley, 1994) leading 
to the rational development of cell media formulations (Eagle, 1955). Various 
modifications had been used extensively including the addition o f blood serum to 
provide the unidentified growth factors and hormones. Since then, the range of 
available cell lines had increased considerably, and many had undergone 
modifications from the original in vivo state through being transformed and 
genetically manipulated to produce selected products. By the early 1970s, methods 
were also developed for the growth of specific cell types in chemically defined 
media (Wigley, 1994).
Since then cell culture has become a technology used by many biologists and 
biotechnologists in the newly established field of molecular biology. The ability of 
different types of cells to undergo fusion processes was exploited by Kohler and 
Milstein in 1975 to produce a genetically stable hybridoma. The expansion of 
DNA technology with the ability to express mammalian genes in bacteria allows 
the production of a range of useful proteins. In the latest development there are 
also efforts to insert the gene back into mammalian cells due to the scepticism 
about the suitability of bacterial products for use in humans. It was also found that 
certain compounds can only be made in eukaryotic cells which usually produce 
large polypeptides or proteins whose activity depends on particular post- 
translational modifications, such as glycosylation, méthylation and 
phosphorylation (Phillips et a l,  1985; Saunders & Saunders, 1987). These changes
CHAPTER 1 REVIEW OF LITERATURE
are not effected in bacteria but they are most important for the biological functions 
of proteins which are normally produced by eukaryotic cells (Butler, 1987).
The development of animal cell culture technology for large-scale animal cell 
production was first considered after the Enders discovery of 1949, that polio virus 
could be propagated in green monkey kidney cell cultures. The monolayer cells 
were grown initially using stationary flasks or rotated bottles, followed by roller 
tubes as used by Salk and Salk (1977) for the production of polio vaccines. These 
techniques were superseded by submerged culture (as used for other 
microorganisms) after it was demonstrated that some animal cells could be adapted 
to grow unsupported (Whiteside, 1983). The small-scale suspension cultures were 
carried out in tumbling test tubes and in roller bottles (Earle et al., 1954). The 
large-scale cultures became possible after Cherry and Hull (1960) grew suspension 
cells in small stirred bottles. Since then, larger scale cultures for the production of 
the cell products such as viral vaccines, antibodies, enzymes and interferons have 
been demonstrated using various types of unit processes aiming for the industrial 
scale of production.
1.1.2 Characteristics of mammalian cells
There are a number of different types of cells found in organisms, which can be 
recognised by their morphological and metabolic characteristics. According to 
Paul (1972), animal tissues are usually classified into five groups: (1) Epithelial, 
cubicle and columnar in shape (which form sheets covering organs and lining 
cavities), ciliated and secretory, e.g. skin; (2) Connective, whose main function is 
regarded as structural and the production of specific intercellular matrix, e.g. bone, 
fibrous tissue, cartilage and tendon; (3) Muscle, consists of ordinary skeletal and 
smooth muscles; (4) Nervous, includes the brain, spinal cord, nerves and ganglia; 
(5) Blood and lymph, include all the cells in the blood, bone marrow and lymph 
glands. However, these recognisable differences tend to disappear when they are 
dissociated as cultured cells and consequently categorised into only two main 
groups (Adam, 1990): (1) Fibroblasts, spindle shaped and found in the space
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between other cells. They secrete extracellular matrix molecules like collagen and 
do not associate tightly with one another but attach themselves to a substratum, (2 ) 
Epithelial, cells covering the body surface and bounding cavities, bound together 
laterally by tight junctions to form sheets of cells.
For cell culture, the tissue is disrupted by using digestive enzymes such as trypsin 
to produced dissociated descrete cells called a primary culture. This has a limited 
growth potential and a short life. However there are also circumstances in which 
the cells can be cultured for a long time with repeated subculture or passage which 
then develop into a cell line capable of growing and dividing indefinitely. This is 
called an established cell line (Paul, 1975). These cells are transformed from their 
original primary cells by having rapid division and/or loss of specialised function 
due to their unusual chromosome number. Such transformation can also be caused 
by other factors such as viral infection, carcinogenic chemicals and irradiation 
(Griffiths, 1985). There are also primary cells, established from tumour tissue, 
behaving as if they have already been transformed. The established cells, 
generally show the property of immortality, have the capacity to grow and divide 
indefinitely in culture and no longer require a substratum for attachment (Adam, 
1990).
Most untransformed or ‘normal’ mammalian cells, both in vivo and in vitro grow 
attached to substratum of either other cells, extracellular matrix or of glass or 
plastic (Klebe, 1974). These types of cells are termed anchorage dependent cells 
as they require attachment to a surface (substrate) to survive, proHferate or express 
their differentiated fimctions (McAteer & Davis, 1994). The attachments between 
adjacent cells usually described as cell-to-cell adhesions are the result o f the 
interaction o f these cells with the substrate or extracellular matrix which determine 
many of their properties (Maurer, 1992). The most prominent extracellular matrix 
proteins are fibronectin, laminin, vitronectin and different collagen types. Grinnel 
(1978) stated that fibronectin is the protein most responsible for matrix formation 
at the site o f adhesion between cells or between cells and a substrate (Griffiths and 
Riley, 1985). The negatively charged bilayers of the cell membrane are also 
responsible for the mechanism of cell-cell recognition and intercellular adhesion
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through the formation of electrostatic forces (Griffiths, 1992). This is the result of 
the crosslinking with the negatively charged glycoproteins via the positively 
charged divalent cations (Ca^^ and Mg^^) (Okada et al., 1974).
The mechanism of cell adhesion is important as it promotes cell spreading, motility 
and division, which leads to flattening of the cells when attached to a substrate. 
Cells move over a substrate by extending their cytoplasmic extrusions (known as 
pseudopodia or lamellipodia according to their shape) which form adhesions to the 
substrate. Contact between lamellipodia results in the inhibition of movement and 
the cells then extend the lamellipodia in an alternative direction. This phenomenon 
was called contact inhibition by Abercrombie and Heaysman (1954). The 
lamellipodia movement and activity will cease when the culture becomes 
confluent, leading to a decrease in the cell growth. The degree to which contact 
inhibition is exhibited depends on the cell types (Griffiths & Riley, 1985) and 
environmental conditions such as temperature (Albrecht-Buehler & Lancaster, 
1976) and pH (Griffiths, 1992).
Besides contact inhibition, another important interaction between the cells is the 
ability to recognise and adhere to each other (Paul, 1975). This phenomenon was 
first described when dissociated embryonic cells were discovered to adhere 
randomly when first allowed to mix together, and then they sorted themselves out 
into groups of cells and eventually reconstructed the entire embryo (Moscona, 
1956). Two postulates were made to explain such a phenomenon, (1) there were 
intercellular factors, which bind the cells together, (2 ) the existence o f an intrinsic 
property of the membrane which leads to the cell adhesion. Potter and others 
(1966) suggested that the cells might have a kind of electrical coupling which 
influences the inter-cell interaction. Obviously, there is also the possibility of the 
existence of metabolic co-operation between cells, involving the passage of 
molecules between the adjacent cells (Paul, 1975).
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1.1.3 Cell growth and its requirements.
Cell growth is defined as an increase in biomass which can be achieved by an 
increase in mean cell mass or in cell number, but practically this terminology 
usually refers to cell proliferation, i.e. an increase in number (Griffiths & Riley, 
1985). It is regulated by a sophisticated mechanism, which involves the cell 
growth process and a combination of signals such as hormones and metabolic 
products as well as neural signals and proximity contacts. According to Adam 
(1990), eukaryotic cells undergo regular division once every 24 hours and the four 
phase cell cycle can be detected (Paul, 1975; Figure 1.1). In between divisions 
(interphase) they double their complement of DNA during a period known as the 
DNA synthetic or S-phase which lasts for 4-6 hours. The S-phase is separated 
from cell division or mitosis (M) by two gaps, G1 and G2. Mitosis itself occupies 
around 30-60 minutes while the G1 phase is usually longer than G2 phase which 
often take about 6-8 hours and 3-5 hours, respectively (Griffith & Riley, 1985). 
Cells which are not restricted in any way will proceed indefinitely around the cycle 
and are said to be in exponential cycle, where the cell number doubles in each 
circuit.
M
CELL 0 2  /  \  01
CYCLE
Figure 1.1: The phases of the cell cycle consist of M phase (mitosis), G1 and G2 
gap phases and S phase (DNA synthesis) (adapted from Griffith & Riley, 1985).
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Consequently, normal cells in culture typically show a sigmoidal pattern of 
proliferative activity, which reflects its adaptation to culture and the environmental 
conditions such as nutrient supply and substrate availability (McAteer & Davis, 
1994). The phases of the cell growth in culture are defined as (1) lag phase, where 
no cell division occurs and whose length depends on the growth phase o f this 
inoculum culture and the seeding density.(2) Logarithmic phase, where cells are 
actively proliferating resulting in an exponential increase of the cell number. At 
this time, the cells are considered to be at their ‘healthiest’ and therefore cell 
functions are usually measured during this phase. (3) Plateau or stationary phase, 
in which the proliferation rate slows down. This normally occurs when the cell 
culture has reached confluency in the monolayer culture system and saturation 
density in suspension culture. Nutrient limitation and inhibitor accumulation are 
also believed to be among the factors which affect cell growth. Cell division tends 
to be balanced by cell death and therefore the cell number remains stable, (4) 
Declining phase, where the cell numbers decrease due to uncompensated cell 
death.
1.1.3.1 Medium and nutrients
To grow cells in vitro, the culture conditions must mimic the in vivo conditions 
with respect to temperature, oxygen and CO2 concentrations, pH, osmolarity and 
nutrients. A nutrient is defined as a chemical substance that enters a cell and is 
used as either a structural component or substrate for biosynthesis and energy 
metabolism (Cartwright & Shah, 1994). Meanwhile, other factors needed for cell 
proliferation are classified as “supplements” including all undefined additives such 
as serum and other biological fluids. In the 1940’s and early 1950’s, most cells 
were grown in plasma or fibrinogen clots in the presence of tissue extracts and 
their filtrates (Adams, 1990). However, there were a few problems associated with 
such natural media such as their unknown composition and variability, which made 
it difficult to reproduce the same experiment. Therefore, a lot of effort has been 
taken to develop a defined synthetic medium for cell growth in culture.
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Eagle (1955) started the investigation to propagate HeLa cells and mouse L-cells in 
the presence of defined mixtures of amino acids, vitamins, salts and carbohydrates, 
supplemented with a small amount of horse or human serum. The specific 
nutritional deficiencies were determined by omitting specific components and then 
‘cured’ by restoring back the same component into the culture media. These 
investigations have resulted in the formation of the medium known as BME (Basal 
medium. Eagle). In 1959, BME was modified and improved by adding extra 
glucose, amino acids and vitamins to enable a variety o f cells to grow without daily 
treatment (known as MEM, Modified Eagle Medium).
In general, the medium used in cell culture systems is designed to supply the 
nutritional requirements of cells which consists of a complex mixture of 
carbohydrate, amino acids, salts, vitamins, hormones and growth factors. The 
media required for cell growth are aqueous solutions of nutrients and co-factors in 
a salt solution whose concentration is isotonic with the cell cytoplasm (Butler,
1987). Since MEM, many types of media have been designed to facilitate the 
nutritional requirements of various types of cells, which are currently 
commercially available.
For most cultures, supplementation with 5-10% blood serum is still required to 
establish cell growth. The serum is normally obtained fi’om various animal sources 
but bovines and horses are the most commonly used animals (Butler, 1987). The 
role of serum in promoting cell growth remains controversial because it is a 
complex mixture of proteins (Adam, 1990). Lieberman and Ove (1957; referred 
by Adam, 1990) showed that an a-globulin fi-action (fetuin) fi-om adult and foetal 
serum promoted the attachment of cells to glass substrates as well as their 
flattening and spreading which are important features in cell proliferation. 
Meanwhile Fischer and his colleagues (1958; cited by Adam, 1990) reported that 
the action of fetuin also contributed to its antitryptic activity, which neutralised the 
activity of trypsin during cell dissociation. Because o f the uncharacterised mixture 
of the serum components and many other disadvantages (Butler, 1987), attempts 
have been made to formulate serum-fi'ee media. These alternative media are also
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available commercially but serum is still widely used especially for primary cell 
culture.
Carbohydrates are the major energy source for cultured cells. Glucose is the most 
common source although it can be replaced by fructose, mannose, galactose as 
well as other di- and monosaccharides (Paul, 1975). The amino acid carbon 
skeleton of glutamine is also important as a carbon energy source. Both glucose 
and glutamine are utilised rapidly, which can cause growth limitation even before 
complete exhaustion (Butler, 1987).
The pH of cell culture medium is usually maintained at between pH 6.8-7.8 (Eagle, 
1971) for cell survival, since at a pH below 6.8 the medium usually inhibits cell 
growth. Factors affecting the pH stability of the medium are buffer capacity and 
type, headspace of the culture vessel and glucose concentration (Griffiths, 1992). 
Culture media need to be buffered to compensate for the evolution of CO] and the 
production of lactic acid from the metabolism of glucose. The addition of 
bicarbonate forms a buffering system, which will dissolve the CO] produced by the 
growing cells (Cartwright & Shah, 1994). However, at low cell concentration and 
lag phase, insufficient amount of CO] is produced and therefore 5-10% o f CO] is 
normally supplied at the beginning of the culture. An alternative buffering system 
is HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid), which is an 
organic buffer, effective in the pH range 1.2-1.6 (Good et al., 1966; cited by 
Cartwright & Shah, 1994).
1.1.3.2 Oxygen
Animal cells, like other aerobic microorganisms require oxygen for growth. The 
primary function of oxygen in a cell culture environment is to serve as the terminal 
acceptor of the electron transport chain (ETC) (Thomas, 1990). This enables cells 
to convert chemical energy into high-energy phosphate bonds in the form of ATP 
(adenosine triphosphate). The generation of ATP in animal cells is accomplished
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through the mitochondrial ETC located in the inner mitochondrial membrane. It 
consists of a multienzyme complex which accepts reducing equivalents from 
NADH (reduced form o f nicotinamide adenine dinucleotide) and FADH] (flavin 
adenine dinucleotide in its reduced form) and transfers them through several 
oxidation-reduction reactions to form water and ATP (Azzi, 1984). The latter is 
formed as a result of a disequilibrium of protons across the inner mitochondrial 
membrane causing hydrogen ions to pass through the enzyme ATP syntase.
Oxygen level has critical effects on cell metabolism, which not only affects cell 
growth, but also the product expressed by the cells (Spier & Griffiths, 1984). For 
cultured animal cells, the oxygen demand is relatively low compared with other 
microorganisms. The oxygen supply in a laboratory scale culture is often met from 
the oxygen dissolved in the culture medium, which is also low - 0.2mmol per litre 
culture (~6.99mg/liter or 7ppm). However, when the culture scale is increased, the 
oxygen supply becomes critical for cell growth (Spier & Griffiths, 1984). Thus, at 
a typical consumption of 0.05-0.5 pmol 02/10^ cells/hour, a one litre culture at 10  ^
cells/ml would be depleted of O] in 0.5-4 hours unless a constant O] supply is 
provided (Butler, 1987). It is therefore necessary to supply oxygen throughout the 
life o f the culture and its efficacy depends on the O] transfer rate (OTR) of the 
system (Griffiths, 1992):
0TR = A7a(C* -C) 
where, OTR = the amount of O] transferred per unit volume in unit time,
Kl = the oxygen transfer coefficient, 
a = the area of the interface across which the oxygen transfer occur,
C* = the concentration of dissolved O] when medium is saturated 
and C = the actual concentration of O] at any time of measurement.
The A7a is also known as the mass transfer coefficient, whose magnitude is always
an acute problem in culture systems (Murdin et al., 1988). Several suggestions
were made to improve the oxygenation of cell culture media such as sparging,
agitation and direct bubbling into the culture (Boraston et al., 1984; Butler, 1987),
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increasing the partial pressure of O2 (PO2) and increasing the atmospheric pressure 
(Griffiths, 1992).
1.2 Cell-cell interactions
Knowledge o f the cell to cell interactions is important to understand the process of 
cell growth and development. This is because it has a major role in cell 
proliferation, aggregation and differentiation (Barnes, 1984), as well as cell to cell 
adhesion and communication (Gilula & Epstein, 1976). As stated by Moscona 
(1965), the behaviour of aggregating cells is reflected by the complex interaction 
between cell-cell dependence and cell-environment factors. An understanding in 
these matters is beneficial for the development of the high-denshy culture of 
animal cells.
1.2.1 Cell adhesion and aggregation
Cell adhesion and aggregation are two different terms, which are used to describe 
the reorganisation of cells to form a three-dimensional mass or clumps fi-om 
suspended disassociated cells. Adhesion and aggregation of cells can occur 
naturally and/or it may be induced. According to Curtis and Lackie (1991), the 
phenomenon of cell adhesion covers all aspects of cell biology where fairly 
different mechanisms are combined in the aggregation process of cells. They 
hypothesised that there are two theories of cell adhesion; (1) cell adhesion depends 
on the physicochemical properties of the cell surface, like charge and 
hydrophobicity, (2) cell adhesions are basically due to receptor ligand type of 
interactions which depend on the physical and chemical properties of the 
interacting molecules.
These theories are supported by the statement made by Alberts and his colleagues
(1994). They added that there are three possible mechanisms of cell binding; (1)
through homophilic binding which binds adjacent cells, (2) heterophilic binding
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where molecules of one cell binds to molecule of different kind of adjacent cell 
and (3) through cell surface receptors on adjacent cell which may link to one 
another by secreted multivalent link molecules.
The involvement of the receptor-ligand theory of Curtis and Lakie (199Î) is more 
widely accepted because of the extensive studies which have been done to support 
it. Major adhesion proteins such as integrin and the cell adhesion molecules 
(CAM) (Grinnel & Feld, 1979), fibronectin and laminin (Graf et a l,  1987), basal 
laminae and cadherin (Alberts et a l, 1994) have been identified. These adhesion 
proteins are involved in such a complex interaction with other components of 
extracellular matrices and polysaccharides to form an organised three-dimensional 
structure. A few studies have shown that most of these interactions are Ca^^ 
dependent (Mattey et a l, 1990). Ca^^ was also found to stabilise the receptor for 
attachment and prevented proteolysis (Oppenheimer-Marks & Grinnel, 1984).
It is undoubtedly important to understand how the extracellular matrix interacts 
with cells. In this circumstance, one has to define the cell surface molecules that 
bind the matrix con^onents onto the cell surface as well as the extracellular 
components themselves, which lead to the formation of an intact tissue. This 
knowledge will lead to a better understanding o f the cell physiology and hopefully 
will facilitate the work involved in the development of aggregates in cell culture 
systems.
1.2.2 Structural elements in cell-cell interactions
There are three important structural factors in the organisation o f cells, which 
contribute to the physical and biochemical cell-cell interactions; (1) cell adhesion, 
(2) cell junctions and (3) extracellular matrix. According to Albert and his 
colleagues (1994), on the studies of the morphological, biochemical and biological 
aspects of the cells showed that each type of cell is subjected to these multiple and 
complex mechanisms of the cell adherence system. Cell adhesion normally occurs
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before the formation of ceil junctions. Adhesion between young cells during the 
embryonic phase involves a complex biochemical mechanism. Matrix molecules 
such as cadherin and intergrin mediate the cell-cell recognition system, which 
depend on the extracellular calcium ions. Cell junctions are formed at many points 
of cell-cell and cell-matrix contact provide a barrier preventing small molecules 
from leaking between cells (tight junctions), mechanically attaching cells to the 
neighbouring cell and extracellular matrix (anchoring junction) as well as 
mediating the passage of chemical and electrical signals directly from cell to cell 
(gap junction) (Figure 1.2).
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Figure 1.2: Summary of various cell junctions found in animal cell epithelia 
(From Alberts et a l, 1994).
Meanwhile the extracellular matrix is a network of macro molecules, which is 
formed in the extracellular space of a tissue (Figure 1.3a). The establishment of an 
appropriate three dimensional cell to cell relationship is due to the role of the 
extracellular matrix which acts not only as a natural subratum to provide a 
structural support and bind cells together (Montesano, 1986) but also influences 
their development, polarity and behaviour (Alberts et a l, 1994). Extracellular 
matrix comprises of a complex mixture of polysaccharide chains and protein
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macro molecules, which, when secreted locally are assembled and interwovened 
into an organised network of glucasaminoglycan (GAG) chains (Figure 1.3b).
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Figure 1.3: The extracellular matrix formed in the extracellular space o f tissues 
(a), which comprises of two classes of molecules; 1. Polisaccharide chains called 
GAG (b), which usually linked to protein in a form of proteoglycan (c) and, 2. 
fibrous protein for structural (d) and adhesive properties (e) (adapted from Alberts 
et u/., 1994).
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The polysaccharides usually bond to protein to produce proteoglycan (Figure 1.3c) 
(e.g. aggrecan and perlecan) which serve as a gel-like ground substance in which 
the fibrous proteins are embedded. They resist compression forces and allow 
nutrient diffusion. Meanwhile the fibrous proteins provide structural (e.g. collagen 
and elastin) (Figure 1.3d) and adhesive (e.g. fibronectin and laminin) (Figure 1.3e) 
properties for tensile strength and help organise the matrix (Alberts et al, 1994).
1.2.3 Collagen: a major protein in the extracellular matrix
Collagen is the major protein in the extracellular matrix and forms the main 
component in bone and skin (Alberts et al., 1994). It is secreted abundantly by 
connective tissue but can also be found in other type of cells. Reid and Jefferson 
(1984) claimed that collagen was the first extracellular matrix component to be 
isolated and characterised. Collagen has been classified into five types based on its 
biochemical criteria (Figure 1.4).
a. ..
- r .
Figure 1.4: The structure of typical collagen molecules with (a) is a conformation 
of a single strand of collagen triple helix. The sequence shown is Gly-Pro-Pro- 
Gly-Pro-Pro. Meanwhile (b) is a space filling model of a part of collagen molecule 
in which three a-chain, wrapped around one another to form a triple helical rod. 
(From Stryer, 1981).
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The basic unit o f collagen is called, tropocoUagen consists of polypeptides (Stryer, 
1981) such as glycine, proline or hydroxyproline and hydroxylysine, and 
covalently attached to sugar molecules which are either galactose or 
glucosylgalactose (Alberts et a l, 1994; Barnes, 1984). These molecules are 
crosslinked and arranged in an orderly way into large, discrete collagen fibrils or 
fibrous superstructures.
Collagen differ in the amount and proportion of their amino acids and sugars. 
They are classified as collagen type I, II, DI, V and IX which are ropelike, triple 
helical molecules that aggregate into long fibrils; type IX and XII, fibril associated 
collagen which decorated the surface of collagen fibrils; type IV collagen 
assembles into a sheetlike meshwork which is the main component of basal 
laminar (Alberts et a l, 1994; Hay, 1981; Kleinman et a l, 1981; also refer to Table 
1.1).
Being the most important component in the extracellular matrix, collagen has no 
known nutritive fiinction in cell development (Sharp, 1977). However the 
influence of the coUagens on cells is indirect in that they serve as a chemical 
scaffolding for other matrix components that contact the cell directly. The best 
known roles of the collagens are, (1) providing structural and tensile strength and 
elasticity to cell tissue (Alberts et a l, 1994) and (2) as a support for all types of 
tissue because of its flexible nature which permits cell shape changes. This 
flexibility stems fi-om the chemical composition of collagen in which every third 
amino acid residue is glycine (Reid & Jefferson, 1984).
1.2.4 The role of collagen on adhesion, proliferation and differentiation in cell 
culture
It is already known that collagen mediates cell attachment in culture both by direct 
and indirect mechanisms (Barnes, 1984). The direct mechanism involves a non- 
covalent attachment of the cell membrane to the extracellular matrix. Meanwhile, 
the indirect mechanism affects the cell attachment of cells through an interaction
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Table 1.1: Some types of collagen and their properties. Only 9 types of collagen 
are shown, but about 15 types of collagen have been defined. (From Alberts et ah, 
1994).
Type* Polymerised form Tissue distribution
FIBRIL-FORMING
(FIBRILLAR)
I Fibril Bone, skin, tendon, 
ligaments, cornea, internal 
organs (accounts for 90% 
of body collagen)
II Fibril cartilage, intervertébral 
disc, notochord, vitreous 
humour of the eye
III Fibril skin, blood vessels, internal 
organs
V Fibril (with type I) as for type I
XI Fibril (with type II) as for type I
FIBRIL-ASSOCIATED IX Lateral association Cartilage
XII Lateral association Tendon, ligaments, some 
other tissue
NETWORK-FORMING IV Sheetlike network Basal laminae
VII Anchoring fibril Beneath stratified squamous 
Epithelia
with the adhesive proteins like fibronectin (Grinnel & Minter, 1978), laminin 
(Alberts et al, 1994), integrin, vitronectin (Hynes, 1987) and chondronectin 
(Kleinman et al, 1978) which are noncovalently bound to the collagen.
The binding of the attachment factors to collagen occurs at the specific site o f the 
interaction. In this respect, different types of cell exhibit different affinities to 
collagen depending on the collagen type. Postlethwaite et al, (1978) found that 
there was a chemotatic interaction between fibroblast cells and collagen. His 
finding also showed that the existence of a collagen substratum in vitro supported
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the maintenance and cell growth in culture. Bames (1984) also indicated that some 
cells are dependent on collagen for their proliferation either by added collagen 
substratum or by synthesis in vitro. From this evidence, he suggested that collagen 
might also affect the differentiation state of the cells.
1.2.5 The application of collagen to animal cell culture studies
Collagen has been used in animal cell culture studies since it has been recognised 
that the extracellular matrix, and collagen in particular, are involved in the 
determination of cell shape, adhesiveness, proliferation and differentiation in vivo 
(Bames, 1984). Most of the initial studies using collagen in cell culture are 
restricted to the molecular level in order to understand the cell physiology, which 
are directly applicable to cancer cell research. Meanwhile, literature on the use of 
collagen in animal cell culture systems is very limited.
Virtually all collagens used in cell culture are of interstitial type, originating from 
skin, tendon or muscle (Timpl et al, 1978). Collagen is difficult to use in culture 
vessels mainly due to the insoluble nature o f the polymerised fibrous form. 
However, specific techniques have been developed to allow sterile preparation of 
collagen gels and solutions using acidic buffers (Niyizibi et al, 1984), chloroform 
(SIGMA, 1996) and exposure to ultra-violets irradiation (Yamazaki et ah, 1995). 
If  a collagen gel is required, the pH and temperature of the preparation is also 
critical to increase the ionic strength of the collagen (Bames, 1984).
The application of collagen to cell culture was based on the different aims of 
studies. Powers and his colleagues (1997) used collagen to determine the cell- 
substratum adhesion strength of hepatocyte cells. This study involved the 
application of collagen coating on the surface of the culture vessel. The formation 
of collagen gel as a slab in the bottom of culture vessel (Sutherland et a l, 1971) 
and as floating gels (Sutherland et al, 1977; Hay, 1981) were also reported. 
Collagen has also been used as a pre-treatment in microcarrier and macroporous 
cultures (Yamazaki et al, 1995). This treatment was carried out mainly to enhance
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cell attachment on the substratum during cell cultivation. The application of 
collagen fibre as a matrix for cell immobilisation has been reported by Ray and his 
colleagues (1990). They found that collagen matrices have provided different 
environment as compared v^ith the suspension cultures, where the removal of 
serum did not affect the cell growth. Recently, Wu and his colleagues (1996) have 
used collagen gel as a substrate to hold cell aggregates in a hollow fibre column. 
Most of the cells subjected to the application of the collagen in cell culture were 
hepatocyte cells and no documented reports were found on the application o f 
collagen on other types of cells.
1.3 Nutrient gradients in animal cell culture systems
Nutrient gradients in animal cell systems have not been investigated ofi;en, except 
when the cell growth was at stake. This normally led to studies o f oxygen transfer 
and its limitation. Such a phenomenon was also correlated with the metabolic 
activities of the cells, which substantially declined in a manner consistent with the 
oxygen depletion (Murdin et a l, 1988). Consequently, the viability and the 
productivity of the cells were also affected (Murdin et a l,  1987). Nutrient 
gradients in animal cell culture systems can be generally classified into three 
categories:
a. Nutrient gradients in homogeneous suspension systems.
b. Nutrient gradients within the bulk liquid and cell aggregates as occurs in the 
immobilised cell systems.
c. Nutrient gradients within the cell aggregates.
1.3.1 Nutrient gradients in homogeneous suspension cell systems
Most of the documented reports indirectly described the phenomenon of nutrient 
gradients when discussing mass transfer in the system. Radovich (1985) believed 
that the design of a bioreactor required an understanding of mass transfer to
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maximise the production level Several factors were reported as influencing the 
fluctuation of nutrient gradients in a homogeneous suspension cell system.
Van den Heuvel (1992) found that the substrate (nutrient) gradients were usually 
detected in an axial or radial direction depending on the scale of the bioreactor. As 
in homogeneous system, this gradient is normally minimised by improving the 
mixing mechanism in the bioreactor. The agitation in a conventional stirred tank 
reactor (STR) is designed to meet this objective and consequently improved the 
heat and mass transfer in the system (Smith et al., 1990). As a result, Wheatley 
and Phillips (1983) found that the stirrer speed in the STR has a direct effect on the 
cell growth, especially on the oxygenation of cells in high concentration cultures 
(Looby & Griffiths, 1987). However negative hydrodynamic effects from the 
resulting mechanical forces of the stirring (Croughan et a l, 1987) and sparging 
(Griffith, 1988) processes such as shear stress were also reported.
There are no specific methods that have been utilised to determine the nutrient 
gradients in the cell culture system. In this respect, Moo-Young and Blanch 
(1981) have outlined several mass transfer pathways, which could exist in 
bioreactor systems. Most researchers explained the nutrient gradient in relation to 
the mass transfer phenomenon by using these pathways particularly regarding to 
oxygen transfer and its limitation by mathematical simulation and modelling (Van 
Suijdam et al., 1982; Hiemstra et al., 1983; Radovich, 1985 and Van Heuvel
1992).
1.3.2 Nutrient gradients within the liquid phase and cell aggregates
Limited study has been carried out in order to determine the nutrient gradients 
within the liquid phase and cell aggregates. Hiemstra et al. (1983) showed that the 
rate of reaction within this zone decreased due to the limited diffusion o f oxygen 
from the liquid medium to the cells. In some circumstances, the mass transfer 
limitation of nutrients other than oxygen may lead to an inhomogeneous 
distribution of the viable cells in the immobilised system. Van den Heuvel (1992)
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claimed that the limitation by mass transfer from the bulk liquid affected the 
reaction and diffrision inside the cell aggregate and resulted in the existence o f an 
optimum size of the aggregate. He also emphasised the importance of the actual 
measurement with an appropriate sensor of the substrate and product concentration 
profiles within this zone.
Murdin et a l (1988) assumed that the oxygen transfer within the cell aggregates 
occurred only by diffusion if the extracellular fluid was stagnant. However in 
actual cases, the turbulence in the bioreactor caused by the mechanism of aeration 
and stirring, produced pressure and velocity gradients within the bioreactor which 
enhanced the mass transfer. This fact was also strengthened by another study by 
Van den Heuvel (1994, personal communication) which showed that the external 
mass transfer resistance could be reduced by extensive bulk liquid mixing. 
Meanwhile, the diffusion of substrate through the aggregate of cells could be 
induced by gas bubbles and as the result of the mixing.
1.3.3 Nutrient gradients within the cell aggregates
Metz and Kossen (1977) have made earlier studies on the nutrient gradient of 
aggregates of fiingal pellets grown in shake flask cultures. They found that several 
factors influenced the pellet formation, growth and productivities. Additives like 
dextran and polyvinyl pyrrolidone could change the morphology of the pellets and 
affect the respiration rate (Elmayergi et a l,  1973). However, in most situations, 
oxygen was discovered as the most important factor, which limited the growth. 
Regarding these constraints, Suijdam and his colleagues (1982) evaluated the 
potential of fermentation process by fungal pellets to predict the growth rates and 
substrate consumption. In their studies, they found that the diffusional limitation 
affects the oxygen balance of the pellets. By using mathematical modelling, it was 
later concluded that the pellets did not grow exponentially due to mass transfer 
limitations.
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Subsequently, nutrient gradient studies were also done on bacterial aggregates 
(Van den Heuvel, 1992) as well as animal cells (Van den Heuvel, 1994). Most of 
the anchorage dependent animal cells were capable of forming aggregates due to 
the adhesive properties of the cell membrane (Curtis and Lackie, 1991). The 
aggregation of the cells could be developed within themselves to form spherical 
shaped natural aggregates (Litwin, 1981), using microcarriers (Van Wezel, 1967) 
or induced by immurement in hollow fibres or hollow spheres (Griffiths, 1988), 
membrane immobilisation (Van den Heuvel, 1992) and encapsulation (Lim & Sun, 
1980).
The effect of internal mass transfer limitation of nutrients was responsible in most 
cases for the uneven distribution of cells within the immobilised matrix aJfter the 
exposure to the growth medium (Radovich, 1985) and the removal o f the metabolic 
waste (Lazar et al., 1987). The effect of this limitation was also dependent on the 
diameter of the aggregates, the distance of the cells fi-om the nutrient sources as 
well as the flow rate of the medium (Toda, 1978). In this respect, McCullough and 
Spier (1990) have calculated and compared the hypothetical oxygen diffusion 
within cell aggregates and concluded that for slowly respiring animal cells, some 
30 layers of cells could be provided with oxygen by diffusion processes. These 
findings indicated that the critical dimension and the size of the cell aggregates are 
likely to be the important factors to be determined in order to achieve maximum 
production by the cell aggregates.
The first attempt to study nutrient gradients in animal cell aggregates was done by 
Peshwa et al. (1992) by using fluorecein diacetate and ethidium bromide stains to 
examine the cell viability pattern within the BHK cell aggregates. Their study 
showed that the aggregate sizes limited the cell viability by producing a necrotic 
zone in the centre of the spherical aggregates. This phenomenon was due to a 
limitation either by oxygen or other nutrients, which caused a reduction in growth, 
and ultimately, autolysis (Prosser & Tough, 1991). A study was also carried out 
by Van den Heuvel (1994) by developing a microprobe sensor to enable the 
measurement of the oxygen gradient in animal cell culture aggregates.
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1.4 Nutrient gradient measurements in culture systems
McCullough and Spier (1990) have defined nutrients as materials, which are 
required for growth and maintenance of the cells. Therefore, nutrient gradients in a 
culture system can be determined by observation through the changes o f the cell 
growth parameters within certain distance or space in a culture system over a 
period of time. Generally, there are two ways of measuring the cell growth 
(Griffiths, 1985). (1) Direct measurement such as cell counting, staining and 
microscopic observation, also including the measurement of redox potential by 
using a special electrode and (2) Indirect measurement through the determination 
of its metabolic process such as nutrient consumption and utilisation as well as 
product analysis. The relationships o f these indirect measurements are compared 
with the direct methods so that a standard procedure could be established. Both 
measurements are carried out routinely to determine the parameter changes over 
the duration of cell growth.
Some of the common methods of cell growth assays are reviewed as follows. This 
introduction to the assay systems gives the background information to the assays. 
The details o f the particular applications of these assays are presented in the 
Materials and Methods (Chapter 2).
1.4.1 Cells and nuclei counting using haemacytometer
The determination of cell number and its viability is the most common routine 
method and considered as the standard procedure by many investigators for cell 
growth measurement (Coco-Martin et a l, 1992). The cell enumeration is 
determined using haemocytometer such as Fuchs-Rosenthal or Improved Neuber, 
carried out under the inverted microscope. The cell number and viability can be 
obtained by dye exclusion staining in which a very approximate estimate of the cell 
viability may be calculated (Hay, 1992). A solution of dye in saline, such as 
tryphan blue and erythrocin B are added to the cell suspension samples and the 
percentage of cells which do not take up the stains is determined. The dyes will
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only stain the cells when they enter across leaking or ruptured cell membranes and 
therefore the dead or non-viable cells can be identified. Meanwhile the healthy 
viable cells usually appear under the microscope as unstained, round and refractile 
(Coco-Martin et a l, 1992). The viable and non-viable cells are counted from the 
stain samples and the cell viability is expressed as a percentage value.
Cells, which are attached to substrates have to be trypsinized prior to staining. 
This process includes the disassociation of the cell aggregates using enzymes such 
as trypsin or collagenase for 10-30 minutes to produce a suspension of 
monodispersed cells (Freshney, 1992). Trypsinization can cause membrane 
leakage of the cells which might mislead the accuracy of the cell counting and 
therefore the time of incubation with such enzymes is considered critical (Griffiths, 
1985). Another alternative for the enumeration of cells in aggregates is by nuclei 
counting as developed by Sanford et a l (1951). Crystal violet stain dissolved in 42 
g/1 citric acid in distilled water is added to the cell samples and intermittenly 
shaken for 30 minutes up to 24 hours, depending on the cell type. The nuclei from 
the living cells will be released from the cell membrane, which has been dissolved 
by the citric acid, stained by the crystal violet but retaining its structure and size. 
Meanwhile the dead cells are intensely stained, shrunk and smaller compared to the 
viable cells.
1.4.2 Electronic particle counting
Cells in suspension can also be counted accurately and rapidly using a particle 
counter such as Coulter counter (McAteer & Davis, 1994). Cells are suspended in 
an electrolyte and a metered volume of this suspension is pulled through a narrow 
(20-200pm) aperture that carries a nominal current. As a cell crosses the orifice, it 
produces an increase in impedance resulting in a voltage pulse. The pulse is then 
anplified and displayed on an oscilloscope. Since the number of pulses is 
proportional to cell volume, cell clusters and debris may also register a pulse but 
they can be eliminated by adjusting the threshold of the pulse amplitude.
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1.4.3 Fluorescent probes
Other methods, which have been employed to determine the cell viability were 
based on a fluorescent stain as the viability probe. The FDA (fluorescent 
diacetate) inclusion and PI (propidium iodide) exclusion assays are commonly 
used for the determination of cell viability (Coco-Martin, 1992). The FDA 
inclusion assay is based on the active uptake of the FDA by viable cells, in which 
the FDA was hydrolysed in the cytoplasm, by non-specific esterase activity to 
fluorescein (Rotman & Papermaster, 1966). Meanwhile the PI exclusion 
estimation employed PI as fluorescent dye that intercalates between the basepairs 
of double-stranded DNA of membrane damaged cells and becomes highly 
fluorescent. Both FDA and PI fluorescence can be determined using a flow 
cytometer, which can evaluate the viable, and the non-viable cells with high 
statistical accuracy.
The application of fluorescent dyes also enables researchers to estimate the cell 
number and viability through fluorometry methods (Taya et al., 1989). For 
example, the Hoechst assay is an assay for measurement of double-stranded DNA, 
which also indicates the cell concentration in a sample. In this case, the stained 
cells are either measured directly or as disrupted through sonication or solvent 
treatments. The resultant fluorescence intensity is then measured using the 
spectrofluorometer, which has a linear relationship with cell concentration assays 
as obtained fi-om microscopic counting. The actual cell concentration can be 
estimated fi-om a growth curve of each specific cell type, prepared prior to the 
fluorometric measurements of the test sample.
The application of fluorescent dyes for the detection of viable and non-viable cells 
is also possible by using optical confocal microscopy. A confocal laser scanning 
microscope (CLSM) differs fi-om conventional microscope by affording extreme 
depth discrimination as well as a slightly improved resolution (Draaijer & Houpt, 
1988). The capability o f a confocal microscope to, “optically section an opaque 
sample” without physically sectioning it, enables one to examine the viability 
gradient of cells fi-om the exterior to the interior of a cell aggregate (Peshwa et al.,
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1993). De Beer and his colleagues (1997) have also used this approach by 
injecting fluorescent dyes into a biofilm and its local diffusion coefficient was 
quantitatively analysed according to the plume formation using a confocal laser 
microscope.
1.4.4 Colorimetric assays
A variety o f methods has been developed to estimate cell number based on the 
cellular content of a specific enzyme or substrate, or the uptake and subsequent 
quantitative extraction o f a dye (McAteer & Davis, 1994). A rapid colorimetric 
assay based on the tétrazolium salt; MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyl-tetrazolium bromide) was developed by Mosmann (1983) for the 
measurement of cytotoxicity and activation of lymphoma cells. MTT is a yellow, 
water-soluble salt, which can be converted to a purple coloured formazan by 
mitochondrial dehydrogenase activity in living cells. Since the hydrogenase 
content is relatively consistent among cells o f a specific type, the amount of 
formazan produced is proportional to cell number (McAteer & Davis, 1994).
The MTT assay has also been used to measure the metabolic activity o f the cells. 
Studies have shown that formazan is produced only by active cells even in the 
absence of proliferation (Mosmann, 1983). Al-Rubaei and Spier (1988) have 
shown that inactive living cells could not produce formazan. They also indicated 
that MTT allows the study of factors affecting the viability and metabolism of 
immobilized cells such as O2 and nutrient diffusion. Since the MTT assay can be 
carried out rapidly using the multiwell ELISA spectrophotometer, it has been used 
in a wide range of animal cell culture studies including the determination o f growth 
signals, colony sizing and cytolytic activity as well as the measurement o f animal 
cell growth in bioreactors.
Dye uptake and extraction can also be used to estimate cell number, such as
Methylene blue (Oliver et al., 1989) and Janus green (Rieck et al., 1993).
Methylene blue binds to the negatively charged groups in fixed cells whereas Janus
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green stains only cells that have damaged membranes. Both dyes are then 
extracted with ethanol and quantified spectrophotometrically.
1.4.5 Carbohydrate utilisation
Carbohydrates are the major energy source for cultured cells. This energy is 
needed for cell metabolism which enables the build up of new cytoplasm and its 
fimctional activity (Paul, 1975). The most fi-equently used carbohydrate is glucose 
but other sugars like maltose, sucrose, fiiictose, galactose and mannose may be 
substituted (Cartwright & Shah, 1994). There is evidence that the amino acid 
carbon skeletons are also important as carbon energy sources, particularly that of 
glutamine (Butler, 1987). Both glucose and glutamine are needed continuously by 
cells in culture and the complete consumption of these media components may 
eventually cause nutrient limitation, with the resulting cell death.
The production o f energy through the degradation of carbohydrates in mammalian 
cells is affected by a series o f enzymes. These enzj^mes are regulated accordingly 
to produce the so-called ‘high energy phosphate bonds’, well-known as ATP 
(adenosine triphosphate). These will release a large amount of energy when they 
are broken (Paul, 1975). Since there are several energy yielding metabolisms in 
mammalian cell systems, the glucose metabolism is subjected to glycolysis or the 
Embden-Meyerhof pathway, tricarboxylic acid or Krebs cycle and pentose 
phosphate pathway (Figure 1.5). However, in most organisms, between 66-80% of 
glucose is metabolized via glycolysis while the remainder is processed by the 
pentose phosphate pathway (Ratledge, 1987). Hu and his colleagues (1987) 
claimed that most of the glucose consumed under a typical cultivation condition is 
converted to lactate. They believed that the accumulation of lactate in the medium 
adversely affects the efficiency of the medium used and therefore suppressed the 
cell yield.
Glycolysis is an anaerobic process, which converts glucose (a 6-carbon molecule) 
to pyruvate (3-carbon molecule), and subsequently lactate and 2 ATP molecules
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Figure 1.5 : The Embden-Meyerhoff pathway and the Krebs cycle which 
generated total aerobic yield of 38 ATP (adapted from Stryer, 1981; Salway,
1993).
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are realised as the end products. However, in the presence o f O2 the process will 
continue to oxidise pyruvate to acetyl CoA and finally CO2 and water, together 
with the production of a total of 38 ATP molecules per molecule o f glucose 
consumed (Salway, 1993). Both of these pathways occur in intact cells in tissue as 
well as in cultured cells. However, the cells in culture have the tendency to 
accumulate lactate in the medium (Paul, 1975). When the O2 concentration 
becomes limited, the amount of glucose converted to lactate is greatly increased. 
The glycolytic activity also depends on other conditions including the type of cells, 
the presence of growth factors and whether the cell culture is primary, established 
or transformed (Thomas, 1990).
The phenomenon of carbohydrate metabolism and utilisation, can also be used as 
an indirect indicator of cell growth and proliferation. The measurement o f glucose 
consumption and lactate accumulation in the culture media has been monitored 
during the duration of cell cultivation. Many assays have been developed using 
glucose oxidase preparation with an O2 receptor such as 4-aminophenazone
(Cheyne & Gilmore, 1973) or 4-aminoantipyrine plus phenol (Murdin et al., 1987) 
to form a coloured product which is measured spectrophotometrically. Semi or 
fully automated glucose analysers are still based on the reaction with glucose 
oxidase enzyme (Hassel et al., 1987; Chotteau, 1991). Simultaneously, the 
measurement of lactate accumulation is normally possible using the same 
automated analyser with the substitution of the glucose oxidase enzyme for lactate 
dehydrogenase enzyme. Such automated systems have therefore made the glucose 
and lactate measurements in the culture medium less time consuming and more 
efficient.
Alternatively, the conversion of pyruvate to lactate in the cell culture medium can 
also be measured by determining the reaction of lactate dehydrogenase enzyme 
which readily exists in the culture medium (Spier, 1977). The measurement of 
lactate dehydrogenase enzyme (EC. 1.1.1.27) in culture supernatants gives a 
quantitative value of the loss of cell viability. LDH is one of the cytosolic
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enzymes, which can be accurately measured spectrophotometrically by following 
the formation of NAD^ from NADH at 340nm (Sliwkowski & Cox, 1990). The 
activity of the LDH can be measured as the reduction of pyruvate to lactate;
Pyruvate + NADH + H^ <-> NAD^ + Lactate
As NADH has a high absorbance at 340nm compared to NAD^, the reaction is 
measured as the rate of decrease o f absorbance at 340 nm. The specific release 
rate of LDH is influenced by culture conditions such as pH, dissolved O2 
concentration, medium composition and the age of the culture (Marc et ah, 1991). 
However, a good agreement between LDH release and cell death has been reported 
but the relationship between cell death and LDH release should be determined for 
each new cell line or set of culture conditions (Wagner et al., 1992).
1.4.6 Image analysis
The development of the image analyser was first initiated by Roberts and Young in 
1951 as an effort to develop an automated quantitative microscope. The initial 
system was based on the combination of a television cathode-ray tube to produce a 
scanning spot of light that was passed into a microscope through the optical 
system. This system was used for counting the number of red blood cells, dust 
particle and nerve cells in a field o f view (Bradbury, 1976). Interesting results 
were obtained but many problems were encountered until the 1960’s when 
electronic methods were invented, which made the data processing techniques 
practically possible.
In the last few years, microcomputer-based image analyser systems have been 
developed which acquire and analyse images of biological specimens for the 
purpose of classification and quantification. The systems generally use a video 
camera to capture images either directly or through a microscope. The image is
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digitised and subsequently processed so that the measurement can be made on the 
features of interest (Mantripagada, 1990).
Image analysis has been widely used in the morphological study of fungi and yeast 
grown in culture systems. Packer et al (1992) have used an image analyser to 
obtain direct quantification o f mycelial differentiation and measurement of cell 
volume. This aspect of study was also carried out by Vanhoutte and others (1995) 
to determine the differentiation process of Penicilluim chrysogenum aided by 
methylene blue and Ziehl fuschin stains. The determination of population number 
and sizing of Saccharomyces cerevisiae floes were also made possible by using 
image analyser (Vicente et a l, 1996). Recently Treskatis and others (1997) have 
used an image analyser to estimate the biomass and morphological characteristic of 
filamentous microorganisms, which included the measurement of pellet 
aggregation based on mycelium floe formation. Such an application has enabled 
also them to distinguish the rough pellets from the smooth pellets.
Not many studies have been reported on the application of the image analyser in 
animal cell culture. In 1994 Tucker and his colleagues reported the use o f an 
image analyser to measure the growth kinetics of hybridoma cells in suspension 
culture. Total and viable cell counts were quantified and morphological changes 
related to the cellular activity were analysed using tryphan blue dye exclusion test. 
They suggested that image analysis should be the preferred method for measuring 
cell proliferation because of its reliability and efficiency compared to manual cell 
counting. It is also a potential method to study cell attachment and cell 
morphology in the adhesion process of mammalian cells because it has been 
considered as a simple and fast method which allows many samples to be process 
in a reasonable amount of time (Wierzba et a l, 1995).
1.4.7 Dissolved oxygen measurement
Limitation of oxygenation is the main factor, which currently restricts the scale and 
density of many animal cell cultures (Cartwright & Shah, 1994). Fleischaker &
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Sinskey (1981) believed that O2 measurements provide useful information about 
cell growth and metabolism. They found that the O2 uptake rate measured by an 
electrode correlated well with the cell density o f the culture. Spier and Griffiths 
(1984) also stated that the optimum O2 concentration of a wide range o f cells in a 
variety of culture systems is around 5-13% of the saturation level, C*. Meanwhile, 
Mizrahi and his colleagues (1972) found that the maximum cell concentration was 
obtained with p02 of 166mm Hg (21% O2) while the lower cell concentration was 
observed with lower p02. However, a higher yield of IgG was observed at low 
PO2 (6.9% O2).
Because of its important role in the promotion or restriction of cell growth, the 
concentration of O2 is normally being monitored during cell cultivation and 
therefore has also been used as an indicator of cell growth. Various terms have 
been used synonymously in describing oxygen in cell culture such as rate of O2 
uptake (OUR), O2 solution rate, O2 absorption rate and O2 transfer rate (Spier & 
Griffiths, 1984). The O2 level is measured using the dissolved O2 electrode 
inserted into the culture system and then calculated using the mass transfer balance 
equation at steady state as follows (Murdin et al., 1988);
O2 IN = O2 OUT + O2 USED 
By using this equation, the relationship between other nutrients and O2 
consumption can be indirectly determined and estimated (Kussow et a l,  1995).
Fiechter and others (1987) suggested that a direct determination of dissolved O2 in 
the reaction solution (media) also gives an idea of the amount O2 available for the 
cells. It provided an important signal for the monitoring of the growth process in 
the culture system. Dissolved O2 is often described as O2 molecules dissolved in 
the aqueous phase, Cs (in mg/L or in ppm), where;
pÛ2 = Cs ; H = Henry’s constant (0.95 atm-1 mmol"^ at 37°C)
H
36
CHAPTER 1 REVIEW OF LITERATURE
meanwhile, O2 activity, a ~ pÛ2, partial O2 pressure.
a = fCs, where f  is activity coefficient.
When a membrane electrode is used to measure a, it also measures the p02. In 
reality, the amount of O2 dissolved in culture media is more or less as in water 
which is approximately 7.6 ppm (0.238 mM O2 /L) = 5.33 ml O2 /L = 7.6 mg O2 
/L (Spier & Griffiths, 1984).
Partial pressure of oxygen, p02 has the same meaning as oxygen tension which is 
frequently used in biology and medical literature (Anon, 1996). It is also well 
known as dissolved O2 tension (DOT) and can be measured using a polarographic 
or galvanic O2 probe/electrode. The polarographic electrode requires an external 
source of current supply whereas the galvanic type consumes the O2 itself 
(Boraston et al., 1984; Baumgarlt, 1987). Muller and his colleagues (1994) 
claimed that direct measurements of O2 profiles, gradient and O2 uptake rate and 
kinetic parameters using polarographic microelectrode have become increasingly 
popular. The first application of the polarographic method to measure p02 on 
biological materials was first initiated by Davies and Brink in 1942 using a solid 
metal cathode. Since then, numerous micro and macro needle electrodes have 
been developed to measure local p02 in tissue (Baumgarlt, 1987).
The principle of polarographic measurements is based on oxidation-reduction or 
redox potential of the charge of the medium and is thus also proportional to the O2 
concentration (Griffiths, 1992). When two electrodes (cathode and anode) are 
polarised with a potential of slightly less than -0.1 volts in an electrolytic solution 
containing dissolved O2, current will flow as a results of the reduction o f O2 at the 
cathodic surface as follows :
O2 + 2 H2O + 4e" ^  40H" .
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At the other electrode (anode; which is normally Ag/AgCl), oxidation takes place 
and the reaction is:
4Ag + 4C1 —> 4AgCl + 4e
At optimum polarisation, all O2 molecules reaching the cathode are immediately 
reduced so that the O2 concentration and the pÛ2 on the surface of the cathode is 
zero (Baumartl, 1987). When using the diffusion electrode, this phenomenon is 
called the diffusion-limited condition where the current flow is limited by the 
amount of O2 that diffuses to the cathode. The diffusion rate is a fimction of the 
O2 diffusion coefficient and the dissolved O2 concentration is proportional to the 
p02 and temperature (Anon, 1996).
The measurement of the p02 will enable us to determine the mass transfer
coefficient, KIsl in a particular system (Boraston et al., 1984). This is important
because mass transfer phenomena have always been claimed as the responsible
factor in determining the cell growth especially in immobilised systems. The A7a
is determined from the equation;
In (C * - Q) = -Kla. t, where C * = concentration of O2 in medium
saturated with air,
Q  = measured O2 concentration at time t.
Generally, mass transfer of O2 within the immobilized cell system occurs primarily 
by diffusion and therefore is considered as acute because of its low solubility in 
water (Murdin et al., 1988).
There is number of reports on direct measurement of molecular O2 within 
microbial aggregates using polarographic electrodes. However, the measurements 
were performed on bacterial slimes and films (Bungay et al., 1969; Hooijmans et 
al., 1990; Huang et al., 1990), yeast (Muller et al., 1994) mycelial pellets (Huang 
& Bungay, 1973; Wittier et al., 1986), muscle tissue (Whalen et a l, 1967) and in a 
fermentation medium (Ho et a l, 1986). Unfortunately, there is no reported study 
on animal cells in culture.
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Huang and Bungay (1973) measured the O2 gradient using a capillary 
microelectrode in and near microbial slimes of Aspergillus niger and observed the 
eddy diffusion of O2 transfer. Muller and his colleagues (1994) also used a 
polarographic needle electrode to measure internal profiles of dissolved O2 tension 
within a single calcium alginate bead containing Saccharomyces cerevisiae. They 
found that the O2 penetration depth was at a steady state in the area between 50- 
100pm. After 150-200pm of penetration depth, the electrode current decreased to 
nearly zero which attributed to the imbalance between O2 availability at the 
vicinity of the electrode tip and the consumption of the electrode itself.
The O2 gradient within the loaded gel beads of Enterobacter cloacea was found to 
depend on bead diameter, respiration rate of the entrapped microorganisms and O2 
transfer by diffusion (Beunink et al., 1989). Oxygen limiting conditions occurred 
in the central part of the aggregates and the critical particle diameter for a 
sufficient O2 supply depended on the cell concentration and respiration rate, and 
was calculated to be less than 1 mm.
1.5 Scaling up of defined gradient systems
Scaling up from the small laboratory culture flasks as a unit rather than as a 
multiple process has always been the prime objective in order to maximise the 
productivity of animal cell systems. As a result, extensive researches have been 
effected in various types of scaling-up processes to facilitate and achieve the 
maximum growth and production of cells. There is a choice o f volumetric scale-up 
(increasing size while maintaining the same process intensities) and density scale- 
up (increasing the process intensity while maintaining the same volume) (Griffiths,
1988). This development is the result of the characteristics of the cells which 
exhibit variable types, product expression kinetics and process requirements. In 
order to satisfy the cells for both growth and production, two types of culture 
systems have been established.
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1.5.1 Homogeneous culture systems
A homogeneous culture is a system which contains cells at basically the same level 
of growth, and the nutrient provision of the culture is evenly distributed throughout 
the system by mixing. Two types of cell systems are usually grown in this type of 
culture:
1.5.1.1 Monodisperse cell cultures
Monodisperse cells are usually described as anchorage independent cells, which 
are able to grow as suspended cells in liquid media. Cells which exhibit a non­
anchorage dependent growth are normally homopoietic cells o f bone marrow or 
lymphocytes derived from the lymphoid tissue (broadly classified as connective 
tissue) (Butler, 1987). Other types of non-anchorage dependent cells which have 
been widely investigated are cancerous cells such as HeLa and myeloma cells as 
well as their hybrids (Davis, 1994). These cells are normally grown in suspension 
in stirred vessels or air-lift fermentors.
1.5.1.1.1 Stirred tank vessels
A stirred tank reactor (STR) use a rotating magnetic bar for mixing to maintain a 
homogeneous condition. In the attenq)t to scale-up the production level o f a 
culture system, various designs of the stirring appliance or ‘paddle’ have been 
invented to optimise the mixing and aeration in the bioreactor (Griffiths, 1988). 
The aim was to achieve a non-turbulent, streamlined bulk flow pattern within the 
culture fluid so that the mechanical stress is minimised. Tramper (1994, personal 
communication) claimed that nutrient gradients existed throughout the STR 
bioreactor which affected the cell growth at different sectors of the system. These 
gradients could be minimised when mixing and aeration were optimised 
simultaneously in the system.
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1.5.1.1.2 Airlift reactor
An alternative method to grow monodispersed cell culture was by the use o f an air­
lift reactor. This system was normally used because o f the gentle mixing action 
believed to be necessary for the shear sensitive cells (Birch et al., 1985). Density 
differentials or gradients in this reactor, between the oxygenated air in the draft 
tube and the outer zone have been noticed. This gradient was dependent on the 
reactor height, aspect ratio and the gas flow velocity (Rousseau & Bu’Lock, 1980) 
and could be overcome by varying the composition of the gas mixture introduced 
into the reactor (Griffiths, 1988). The airlift system has been used successfiilly for 
the growth of hybridoma cells at industrial scales of up to 1,0 0 0 -1 0 ,0 0 0  litres 
(Butler, 1987).
1.5.1.2 Immobilised cell cultures
All mammalian cells, which are not derived from blood or lymph fluids are 
anchorage dependent, and therefore require a surface substratum for attachment 
and growth. The most widely used anchorage-dependent cell types obtained from 
tissues of normal animals are epithelial or fibroblast cells (Butler, 1987). Since 
many mammalian cells which are used for the production o f biologicals are 
anchorage dependent cells (Hu et al., 1985), there is a need to increase the surface 
area for the cell attachment and growth for their large scale production (Tolbert & 
Feder, 1980). Therefore, cell immobilisation systems have been extensively 
developed and are believed to be a potential approach for effective production of 
biologicals (Griffiths, 1988). Kamihira et al. (1990) believed that cell 
immobilisation enables cells to be cultured at high concentrations for extended 
periods as they are more protected in the culture vessels from the stressful 
environment compared with the monodispersed suspended cells. Various 
techniques have been employed and in general, three techniques have been utilised 
for cell immobilisation in semi-homogeneous culture systems.
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1.5.1.2.1 Microcarrier culture
A microcarrier is a solid particle on which cells were cultivated and held 
suspended in the growth medium by stirring. The first attempt to apply 
microcarriers for the immobilisation of animal cells in culture was made by Van 
Wezel in 1967. Since then, many investigations have been done using various 
types of microcarrier which differed in the materials used such as DEAE-dextran 
(Spier & Whiteside, 1976; Levine et a l, 1979), gelatine (Nillson & Mosbach,
1980), polystyrene (Johansson & Nielson, 1980) and polyacrylamide (Reuveny et 
a l, 1983).
Optimisation of the cell attachment on the microcarrier has been developed by 
manipulating various culture conditions such as the initial serum content, 
inoculation level, citation rate and concentration of the microcarrier used 
(Forestell et al., 1992). The microcarrier culture has been much used due to its 
great versatility based on the range of the surface configuration and its ability to be 
used in a conventional STR (Griffiths, 1988).
1.5.1.2.2 Microencapsulated culture
Microencapsulation is a type of cell immobilisation, which has been invented for 
entrapment, or encapsulation of cells within certain matrices or chemicals, which 
are either semipermeable or porous and have the ability to hold or trap the cells. 
Microencapsulation of animal cells, for the achievement of the high cell 
concentration, was first described by Lim and Sun (1980) using poly-L-lysine 
which, since then, had been used in many applications. This method was reported
g
as being able to produce high cell concentrations of up to 10 cells/ml. Rupp 
(1985) highly recommended this technique for monoclonal antibody production 
because of its flexibility, space efficiency, cost effectiveness and the production of 
materials that were functional and highly purified.
As in the microcarrier technique, various materials have been used to entrap or
encapsulate the cells, such as agarose beads (Nilsson et a l, 1983; Himmler et a l,
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1985; Dupuy et al., 1992), gelatine (Nilsson et a l, 1986; Rubin et a l,  1991; 
Almgren et a l ,  1991), ceramic (Park & Stephanopoutos, 1993), sodium alginate 
(Lim & Moss, 1985; Taya et a l,  1989) and calcium alginate (Ogbonna et a l, 1989; 
Lee et a l, 1993). Some modifications have also been made to strengthen the 
material by the addition of polylysine (Vandenbossche et a l, 1993), alginate fibres 
(Tanaka et a l, 1989), strontium alginate (Shirai & Hashimoto, 1989) and 
polyacrylate (Mano et a l, 1992).
Growing the non-anchorage dependent cells by microencapsulation has been 
shown to be as effective as using the solid microcarrier (Nilsson et al., 1986). This 
technique provides the large surface area for the cell attachment and growth 
needed by most anchorage dependent cells (Almgren et a l, 1991). Because o f the 
advantages found in using these techniques, many researchers have therefore 
adopted these applications for the high density cultivation o f animal cell especially 
for the production of monoclonal antibodies (Shirai & Hashimoto, 1989).
1.5.1.2.3 Aggregate culture
The formation of aggregates or clumps in cell culture was initially considered a 
problem during cell cultivation when cells tended to form aggregates when the 
attachment factors were limited (Cartwright & Shah, 1994). However this 
situation was then accepted as an advantage when the cell aggregates were found 
to be viable and growing well in a suspension system. In fact some modifications 
of the media had enabled the promotion of better cell groAvth (Litwin, 1992).
Aggregate culture systems were first suggested by Tolbert and his colleagues, in 
1980 as another alternative for a large scale application by successfully growing 
Vero cell aggregates in suspension. They claimed that, since most mammalian cell 
cultures are anchorage dependent, it is most likely that the cells might prefer to 
grow as aggregates. This is because of the cell-cell contact and interactions within 
the aggregates are presumed to be equivalent to the cell-cell interactions in intact 
tissue. In this situation, cells are believed to be more stable and will protect each
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Other against physical stress (Litwin, 1992) and possibly help each other 
metabolically (Folkman & Greenspan, 1975).
Wellnitz and Rakow (1993) implied that the formations o f three-dimensional 
aggregates are more similar to the normal tissue than the monolayer culture. This 
idea was originally adopted from a previous study on tumour cells in cancer 
researches. It was found that growing three-dimensional organised masses of 
tumour cells possessed many o f the characteristic o f solid tumours in vivo, such as 
the modulation of the growth rate, which in contrast did not occur in the monolayer 
system (Yuhas et a l,  1978). The tumour cells were grown in soft agar 
(Sutherland et a l, 1971) and subsequently in a stirred flask suspension cultures 
(Sutherland et a l, 1977; Yuhas et ah, 1978). The three-dimensional multicellular 
spheroids provided a useful model for assessment of the effects of nutrition and 
oxygenation on cell growth after treatment with drugs and radiation (Sunderland et 
a l, 1971).
Since the first attempts made by Tolbert and his colleagues in 1980, many 
researchers have employed and modified their approaches in order to achieve high 
cell concentration systems. Aggregate culture has been identified as having an 
advantage because the aggregates can be grown easily in a conventional 
suspension system (Litwin, 1985) and separated from the media by simple 
sedimentation in the reactor tanks due to their large size (Moreira et a l,  1994). 
Several mammalian cells have been reported to grow as natural suspended cell 
aggregates such as Baby hamster kidney (BHK) (Moreira et a l, 1994), Vero 
(Litwin, 1992), Chinese hamster ovary (CHO) (Goetghebeur & Hu, 1991), and 
Swine testicular cells (Tolbert et a l, 1980).
The only drawback on growing cells in such systems is the formation of densely 
packed and large aggregates, which as a result of nutrient transport limitations 
caused the formation of a necrotic area in the centre of the cell aggregates 
(Wellnitz & Rakow, 1993). Regarding these situations, a reproducible and stable 
means of aggregate size control is desirable (Litwin, 1992). Different methods 
have therefore been developed to induced aggregate formation as well as to control
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the aggregate size. Studies on relevant variables for aggregate formation and 
control are in ^ rta n t in order to obtain an optimal aggregate size without a 
necrotic centre (Moreira et al., 1992).
The earlier aggregate culture systems developed by Tolbert and his colleagues 
(1980) were produced by gentle pipetting to form smaller aggregates, and 
subsequently aggregate sizes were controlled by agitation. This method was 
followed by Peshwa et al. (1993) with an increase in the calcium ion concentration 
in the BHK cell culture media. In contrast, Boraston et al. (1992) reduced the 
calcium ion content in the media to reduce the aggregate size of CHO cells grown 
in a stirred tank reactor. This phenomenon was explained by Grinnel (1978) who 
stated that the cell attachment process could be optimised by adjusting the 
hydrophobicity of the group carrying the primary amino charges on the cell 
surface. This indicated that a modification of the culture media might influence 
the formation of aggregates o f a particular cell type. Litwin (1992) reported that 
Vero cells have been successfiilly grown as aggregates in suspension cultures by 
combining several types of serum free media for the cell growth.
Different matrices or substances have also been used to induce aggregate formation
either for the enhancement of the aggregate size or to reduce the conç>actness of
the aggregates. Jones and Perry (1980) found that by using a type of plant lectin,
Concanavalin A, the overall adhesiveness o f the CHO cells was enhanced leading
to the formation of larger aggregates. Litwin (1985) had used cellulose fibre to
form aggregates of human diploid fibroblasts. In this study, he found that only the
positively charged fibres promoted the formation of aggregates and the diameter of
the aggregates increased as the incubation progressed. Other matrices such as
Sephadex G25-50 had been used as a microsphere to induce aggregate formation
with CHO cells (Goetghebeur & Hu, 1991) as well as dextran-sulphate (Wellnitz
and Rakow, 1993). Meanwhile Yamazaki and his colleagues (1995) developed a
multicellular spheroid using the combination of a type of temperature responsive
polymer, poly-N-isopropylacrylamide and collagen, added with UV irradiation,
which resulted in a controllable spheroid size of between 350-800 pM diameter.
And recently, multicellular spheroids of hepatocyte cells have been established
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from natural aggregates and incoporated into a collagen column to be developed as 
a potential bioartificial liver to provide a short term support for patients in need of 
surrogate livers (Wu et al., 1996).
1.5.2 Heterogeneous culture systems
Heterogeneous cultures are usually the case for anchorage dependent cells, which 
have different levels of growth, or grow overlapping each other in a particular 
system. These systems have been basically developed under two concepts, in 
which either immurement or retention of cells within a con^artment allows free 
passage o f medium, and the entrapment approach provides a substrate with the 
physical configuration to capture and trap the cells (Griffiths, 1988; Figure 1.6). 
These methods have resulted in highly concentrated cell systems and such systems 
normally encounter mass transfer problems especially by oxygen depletion. 
However, various reactor designs have been invented to facilitate maximum cell 
growth and its production (Cartwright & Shah, 1994).
1.5.2.1 Packed bed systems
Packed bed systems are formed by small particle of substrates/beads to provide an 
adequate surfece for cell growth and packed within a compartment through which 
the culture medium is circulated (Whiteside, 1983). Different substrates have been 
used to form the immobilised bed but glass spheres are commonly used despite the 
fact that a sphere has the lowest surface area to volume ratio and provides the 
smallest area for cell attachment (Griffiths, 1988). The design of the system allows 
the maximisation of the surface area as well as providing for the medium passage 
through the packed-bed.
Different sizes of sphere, bead or disc can be used accordingly to the reactor design 
for the cell growth (Whiteside, 1983). Looby and Griffiths (1987) demonstrated 
that a bed bead size o f over 5 mm diameter was needed for maximum cell growth.
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They also claimed that larger spheres provided larger channels for medium flow 
which gave more access of nutrients to the cells and therefore reducing the nutrient 
gradient along the reactor channel (McCullough & Spier, 1990). This system is 
also regarded as being advantageous because the glass spheres can be re-used and 
the reactor can be scaled-up to 100 litre medium volume (Spier, 1985).
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Figure 1.6 : Some concepts of the heterogeneous systems used in animal cell 
cultivation (From McCullough & Spier, 1990).
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1.5.2.2 Hollow fibre systems
The design of the hollow fibre perfusion reactor was carried out as one o f the 
alternatives to scale-up as well as to overcome the concentration gradient limitation 
problem (Feder & Tolbert, 1983). Originally, the basic hollow fibre system used 
the cylindrical filtration cartridges to retain the cells in the bioreactor (Griffiths, 
1988). However, various configurations of reactors and the application o f fibres 
have been adapted to maximise the surfece attachment of the cells and 
simultaneously enhance the aeration within the reactor.
Several modification have been made to solve the nutrient concentration gradient 
such as by insertion of contraflow and aeration fibres (Tharakan & Chau, 1986), a 
cyclical flushing of medium either from the lumen into the capillary space or into 
the lumen from the capillary space (Tolbert et a l, 1985) as well as modifying it to 
form a flat-bed hollow fibre reactor (Feder & Tolbert, 1983). Hollow fibre culture 
was initially used for suspension cells, particularly hybridoma but after some 
extensive studies, it was also found out to be suitable for the anchorage dependent 
cells (Ku et a l, 1981).
1.5.2.3 Plate/membrane systems
This system consists of stacks of parallel plates held in either vertical or horizontal 
configuration. It has been successfully developed and used in large-scales 
(McCullough & Spier, 1991). As in other heterogeneous cell culture systems, 
nutrient concentration gradients usually occur which result in uneven cell growth. 
Several modifications have been made to improve the condition such as the use of 
the plate heat exchanger (Burbidge & Dacey, 1984) and a preference for cells 
which have a rapid attachment time such as fibroblast cells (Griffiths, 1988).
On the other hand, membrane systems were initially used for the growth o f cells 
because they were able to provide a large surface area and encourage efficient 
aeration of the cells due to the permeable property of the membrane (Jensen,
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1981). This system enabled the cells to obtain nutrients while the product and 
waste materials were separated by the adjacent layer of membranes (Klement et 
a l,  1987). The configuration of the membrane was also available in parallel, 
planar and tubular types. Both systems demonstrated high concentration cell 
production and have therefore been recommended as having a high degree of 
versatility and flexibility by McCullough and Spier (1991).
1.6 Production of biologicals from the animal cell cultures used in this 
investigation
The ultimate goal of cultivating animal cells in large-scale systems is to achieve 
maximum production of biological products from the cells. There are varieties of 
products which can be made from animal cells. They are mainly for 
pharmaceutical needs and include products such as viral vaccines (Beale, 1992), 
cellular biochemicals like enzymes (Berger et a l, 1988) and monoclonal 
antibodies (McCullough & Spier, 1990), interferones (Phillips et a l, 1985), 
hormones and immunological reagents (Spier, 1980).
In this study, three types of biological products were used as a means of 
determining the effect of nutrient gradient in aggregate cultures and the 
productivity o f the systems. The product generating systems were chosen to 
investigate the effect of cell aggregation on productivity. The systems investigated 
were the production of a virus from a dividing cell culture, the production o f a 
monoclonal antibody as a secondary metabolite and the production of a protein 
from a genetically engineered animal cell.
1.6.1 Poliovinis for polio vaccine production
According to Spier (1987), animal viruses were the first commercial products 
derived from cultured animal cells. It was the discovery of Enders and his 
colleagues in 1949 that polio virus could be grown in cultures of various human
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and monkey embryonic tissue, which stimulated the large-scale use of cell culture 
techniques in studies of poliovinis as well as other viruses. This effort also led to 
major innovations in animal cell technology which resulted in the drive towards 
mass vaccination campaigns particularly against poliomyelitis (Butler, 1987). 
Such campaigns expect to eradicate polio world-wide by the year 2000 or shortly 
thereafter.
In the 20* century, there were polio epidemics in developed countries which led to 
intensive and successful effort to develop a vaccine (Minor, 1992). Salk (1960) 
developed the first killed polio vaccine by using the inactivating agent 
formaldehyde. Later, the live attenuated poliovaccine was developed by Sabin and 
Boulger (1973) which was much less expensive and could be administered orally. 
This vaccine originated from a poliovinis, which was found to be genetically 
modified and reduced in its pathogenicity, but still preserved its immunogenicity. 
Since then the live attenuated Sabin strain has proven to be a very safe and 
effective vaccine. As a result, poliomyelitis has been successfiilly brought under 
control particularly in the well vaccinated, upper sosioeconomic group (Salk & 
Salk, 1977).
Even though very few polio cases have been reported, it does not mean that the 
virus has been eliminated. There are still risks of getting infected by infected 
travellers because of the continued presence of the virus from elsewhere 
(Dimmock & Primrose, 1989), hence it is still necessary to maintain a high level of 
immunity. The development of knowledge in genetic engineering also makes 
studies on polioviruses and polio vaccine production even more interesting. A 
better understanding of the molecular pathogenicity and its control gives the 
potential to overcome problems such as the reversion to virulence o f the attenuated 
vaccine and the occurrence of vaccine-associated cases of poliomyelitis (Minor, 
1992).
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1.6.1.1 The aetiology of poliovinis
Poliovinis, the cause of poliomyelitis, is classified in the family of Picomaviridae 
and genus Enterovims. Poliovinis exists as three distinct serotypes (1 ,2  and 3) 
and composed of a single stranded positive sense RNA genome o f -7450 
nucleotides enclosed in an icosahedron particle o f 27 nm diameter (Burke et al., 
1988; Hull et al., 1989). The poliovinis causes a common infection of the gastro­
intestinal tract, which is usually silent in the primary stage. However, when the 
central nervous system becomes infected and there are subsequent damages o f the 
anterior horn cells coupled with motor paralyses, this secondary infection makes 
the paralytic disease inevitable (Salk & Salk, 1977). This virus also causes similar 
effects in chimpanzees and monkeys (Hull et al., 1989).
The transmission of poliovinis between humans can be via the feecal-oral route, 
but in countries where good sanitation is practised, an oral-oral spread o f virus is 
more common (Salk & Salk, 1977). The most efficient control o f this viral disease 
is achieved by decreasing the number of transmitters and reducing the spread o f the 
virus within the community. This approach has been successfully implemented by 
polio vaccination as a result of the development of both the Salk and Sabin 
vaccines. The continued occurrence of poliomyelitis in other parts o f the world 
makes vaccination still necessary and therefore the WHO has declared its goal of 
eliminating the disease from the world by the year 2000 (Minor, 1992).
1.6.1.2 Cell culture studies on poliovinis
Since the pioneering work of growing polio virus in cell cultures by Enders and his 
colleagues in 1949, there was a rapid progress in cell culture studies. The 
investigations were expanded into various approaches such as the areas of 
pathogenicity and epidemiology (Salk & Salk, 1977), molecular biology which 
stemmed from the development of genetic engineering (Stanway, 1990) and the 
mass production of virus for the industrial scale (Montagnon, 1984).
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Minor (1985) claimed that poliovinis 3vas among the easiest virus to study. Berlin 
and Bode (1988) found that a cell culture inoculated with poliovinis was ready for 
the preparation of vaccine after only 3 days o f infection. Human embryonic cells 
were the first cells to be used to propagate poliovinis (Enders, et al., 1949). It was 
then followed by the use o f primary monkey kidney cells (Beale, 1992). The 
decision was taken to grow poliovinis in diploid cells to avoid contamination as 
well as to overcome the difficulties of maintaining primary cells. Nowadays, it is 
well known that other types o f cells are also suitable, and preference is given to the 
continuous cell lines such as Hep 2c and HeLa cells (Minor, 1985), Vero, W138 
and MRC5 cells (Beale, 1992).
The cells for poliovinis propagation were found suitable for growth in roller bottles 
or test tubes (Minor, 1985). The methods of relying upon the multiplicity o f 
bottles are claimed to be inefficient and labour consuming as well as having little 
potential of improvement (Spier, 1980). Because of these limitations, efforts have 
been made to grow poliovinis in a unit process system. Since the cellular host of 
the poliovinis is an anchorage dependent cell, growing it in a system, which used a 
novel substratum on which the cells might grow had been attempted.
Montagnon and his colleagues (1984) have reported a successful production of 
killed poliovinis ft-om large-scale cultivation of Vero cells in microcarrier culture. 
Larson and Litwin (1987) have also made an attempt to grow human diploid 
fibroblast cells on a cellulose fibre microcarrier. They found that the titre obtained 
ft-om such a system was as good as the one obtained from Vero and monkey 
kidney monolayer cells. They also noticed that the cells tended to form aggregates 
that bound the microcarriers together to form large clumps. From this, Litwin 
(1992) had tried to grow Vero cell as a natural suspended aggregate for a potential 
host system for the production of poliovinis on the large-scale. And finally, 
Goharriz (1993) successfully propagated the poliovinis using suspended HeLa 
cells in stirred flasks. He reported that there was a possibility o f growing 
poliovinis in a ‘dense culture system’ if more studies would be pursued to 
understanding the possible factors in the systems affecting its production.
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1.6.2 Production of alkaline phosphatase enzyme
Enzymes have been put to practical uses for thousands of years in the form of 
crude animal and plant preparations as well as microbio logically derived materials. 
The latter is relatively recent and has emerged as a major sector in industrial 
biotechnology (Goldstein, 1987). There are expansive demands for enzymes 
because of their wide application especially in the food and pharmaceutical 
industries (Cheetham, 1995; Palmer 1991). The most widely used enzymes are a- 
amylase, glucoamylase, glucose isomerase and various proteases (Cheetham, 
1995). These enzymes are mostly microbial products made in bacteria (e.g. 
Bacillus sp .\ fungi (e.g. Aspergillus sp.) and yeast (e.g. Saccharomyces and 
Streptomyces). Only a few products are generated from animal sources such as 
trypsin, pepsin and rennet (Bailey & Ollis, 1977), mainly because of the relatively 
slow processes involving the animal cell system compared with bacteria, fungi and 
yeast. According to Wiseman (1995), microbially secreted enzymes are usually 
the most convenient to be produced due to ease of growth of the microorganisms. 
However, extensive investigations have been carried out to facilitate the use of 
animal cells for the industrial production of recombinant proteins, hence the 
dramatic increase in recent years (Racher et a l, 1994). It is believed that there are 
promising prospects for genetically engineered animal cells to produce future 
sources of particular human proteins and enzymes at an economic cost.
1.6.2.1 Structure and function of alkaline phosphatase
Mammalian alkaline phosphatase (ALP, orthophosphoric-mono ester
phosphohydrolase, E.C 3.1.3.1) belongs to a category of protein which are
anchored to the plasma membrane by a phosphatidylinositol-glycan that is
covalently linked to the mature proteins (Berger et al., 1987). ALP are a group of
relatively non-specific enzymes which hydrolyse a wide range of phosphate esters,
both natural and synthetic in an alkaline solution (Willkinson, 1976). These
enzymes catalyse phosphoryl transfer (i.e. ester hydrolysis) and form other
phosphate esters (phosphotransferase action) (Moss & Butterworth, 1974) such as;
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Glycerol-1-phosphate + glucose <-> glycerol + glucose-6 -phosphate.
One synthetic substrate is:
OPOj^'
n 1 . - 0 4->  y j  +  p o /
N 0 2  N 0 2
p-nitrophenylphosphate -> p-nitrophenol + orthophosphate 
(colourless) (yellow)
The enzyme reaction can be measured by the colour changes of the solution (Moss 
& Butterworth, 1974).
According to Wilkinson (1976), ALP are widely distributed in human tissues, 
notably in the intestinal mucous, osteoblast of bone, the biliary canaculi o f liver, 
kidney, placenta and lactating mammary glands. In each case the enzyme activity 
is localised at the cell membrane which plays a part in the transport mechanisms 
involving phosphate. This enzyme appears to be a form of tissue specific alkaline 
phosphatase, supposedly present as isoenzymes (Ezra et a l, 1983), which means 
that there are different molecular structures based on a tetramer with different 
substrate affinities (Stryer, 1981). Based on genetic and immunological studies as 
well as on its physical properties, at least three forms of human alkaline 
phosphatase have been identified; placental, intestinal and bone, liver and kidney 
(Palmer, 1991). The different isoenzymes which are associated with each o f the 
different cellular locations where they are found may be separated by 
electrophoresis (Wilkinson, 1976).
These enzymes have been receiving intensive studies because of their uses in 
clinical diagnosis. Bodansky (1960) has reported that the ALP enzyme was 
elevated when a bone and bone-forming tissue disease was detected, hence 
affecting the structural and functional integrity of the liver. Millan (1986) also 
revealed the elevation of the ALP found in serum, lymph fluid and tumour tissue
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of cancer patients. Because o f this phenomenon, the level o f ALP was measured 
and used as a marker of malignancy in cancer studies. Bodansky (1960) showed 
that the normal level of ALP was below 5 Bodansky Units (The unit is equivalent 
to the mg of inorganic phosphate liberated from a standard p-glycerophosphate- 
veronal mixture by 100 pi serum in 1 hour at 37°C), whereas the ALP level in 
cancer patients was around 15-40 Bodansky Units.
1.6.2.2 Studies on the production of alkaline phosphatase
Many o f the studies conducted on ALP enzyme production from mammalian cells 
focus on the molecular structure of the isoenzymes and their significant expression 
in cancer patients. The knowledge o f the molecular structure and the genetic 
coding involved have led researchers to understand more about the symptoms of 
various types of tumours in cancer patients (Palmer, 1991). However these 
molecular and genetic studies have also encouraged efforts to clone the ALP 
reporter gene into mammalian cells.
The production of ALP enzyme for commercial uses especially for medical 
diagnostic purposes has been well examined. However this enzyme is a product of 
the genetically engineered bacteria, Escherichia coli or from direct extraction of 
calf intestine (Wiseman, 1995). The research to develop an eukaryotic reporter 
gene was initiated due to some disadvantages, which occured when the E.coli 
enzyme chloramphenicol acetyl transferase (CAT) was used (Berger et a l, 1988). 
The lack o f equivalent enzymatic activity in eukaryotic cells and the existence of 
highly sensitive, radioactivity based assays for the CAT enzyme have led 
researchers to seek other alternatives originated from mammalian cells.
In 1987, Berger and his colleagues reported to have successfully transfected 
simian cells with a human alkaline phosphatase cDNA expression vector to 
produce an active membrane-bound human placental alkaline phosphatase. This 
effort was followed by the generation of transgenic BHK cells, transfected with
plasmid pRSVSEAP, which contained the ALP cDNA, resulting in the expression
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of ALP enzyme (Wiith et al. (1990). Both of these mammalian cells were reported 
to secrete a high level of enzyme and further investigations are still in progress 
(Berger et al., 1988; Wirth et al., 1990, Racher et al., 1994).
Several studies have been carried out to propagate the BHK cells for the 
production of the ALP. Moreira and his colleagues have carried out a series of 
studies on the hydrodynamic effect on cells grown as natural aggregates in a 
suspension system (Moreira et ah, 1992, Moreira et al., 1994a, Moreira et al., 
1994b; Moreira et a l, 1994c; Moreira et a l,  1994d). They found that the cells 
were capable of growing in suspensions even though they were anchorage 
dependent cells. Racher et al. (1994) also reported that the production of the ALP 
enzyme was two to three fold higher using aggregates compared to microcarrier. 
This phenomenon has led to a suggestion that culturing cells as aggregates could 
provide a more effective cellular environment for product expression than growing 
them on microcarriers.
1.6.3 Production of monoclonal antibodies
The immunological system o f all higher animals is capable of recognising a 
foreign compound as an antigen, and producing a complementary antibody which 
is often specific in its binding capacity (Butler, 1987). Antibodies are glycoprotein 
products of a sub-set of white blood cells, the B lymphocytes which produce a 
wide range of antibodies. Any attempt to isolate the antibody outside the living 
system results in a heterogeneous mixture of antibodies; known as polyclonal 
antibodies. Despite some limitations due to this heterogenicity, polyclonal 
antibodies have been widely used in the prevention and treatment of infectious 
diseases, as well as in diagnostic assays (James, 1990).
However in 1975, Kohler and Milstein made a breakthrough by developing a 
method to immortalise the mouse B-lymphocyte cell line which secreted a 
monoclonal antibody. Subsequently in 1976, they carried out a cell hybridisation 
between the monoclonal antibody producer cells with a tumour cell line to produce
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continuous cell line secreting monomolecular antibody, so called monoclonal 
antibody. Such antibody preparations are often specific for the antigen to which 
they bind. This invention has generated stable cell lines secreting a wide range of 
antibodies, some of which have higher specificity than the polyclonal antibody 
(James, 1990).
1.6.3.1 Development of hybridoma technology
The fundamental background to the development of hybridoma technology was the 
clonal selection hypothesis of Macfarlane Bumet (Butler, 1987). This hypothesis 
stated that each mammalian B-lymphocyte is capable of producing only one 
antibody type. Stimulation by antigen caused B-lymphocyte cells, having 
receptors for that particular antigen, to expand into population o f plasma cells, all 
secreting antibody of a single type. The creation of hybridoma cells for the 
production of monoclonal antibodies involved the hybridisation or fusion of 
antibody secreting cells and tumour cells caused by a malignantly transformed 
antibody secreting cells well known as myelomas or plasmocytomas (Bazin et a/., 
1973; cited by Coding, 1986). The myeloma cells were derived fi*om a bone 
marrow tumour and therefore have the potential for unlimited division. However, 
the cell line no longer produced antibodies itself, otherwise a combination with the 
B-lymphocytes derived ft"om spleen cells generated a series of hybrid molecules 
(Prave et al.  ^ 1982). Thus, a single clone of the hybrids developed to form 
hybridoma cells which produced a homogeneous population of antibody molecules 
with the same antigen binding site; the well known monoclonal antibody 
preparation (McCullough & Spier, 1990).
According to the general method of hybridisation by Kohler and Milstein (1975), 
the antibody secreting lymphocyte was developed in animals, usually mice or rats 
immunised with the selected antigen (Coding, 1986). After the period of 
immunisation during which antibodies were produced against the antigen, the 
animal was killed and the spleen removed. The spleen cells which contained 
developing cells associated with the immune system were macerated to dissociate
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the cells and the lymphocytes were isolated by centrifiigation (Butler, 1987). The 
lymphocytes were then subjected to fusion with the myeloma cells by mixing both 
cell types in a medium containing 40-50% polyethylene glycol; a widely used 
fusion agent. The fusion treatment resulted in a mixed population of cells 
containing lymphocytes, myelomas and hybridomas.
The hybridoma cells were separated by a selection process based on the genetic 
marker in the parent myeloma cells; the most commonly used marker was
HGPRT (hypoxanthine guanine phosphoribosyl transferase enzyme defective
gene) (Coding, 1986). Normal somatic cells can use two pathways for their 
synthesis of purines and pyrimidines; the principle one which involves de novo 
synthesis from amino acid and carbohydrate precursors, and the salvage pathway 
which synthesises nucleotides from hypoxanthine (purines) and deoxythymidine 
(pyrimidines) via the enzymes HCPRT and TK (thymidine kinase) respectively
(Osterhaus & Uytdehaag, 1985). The idea of using the HCPRT as a marker was
actually devised by Littlefield in 1964, based on the situation that, when the main 
biosynthetic pathway for guanosine is blocked by the folic acid antagonist, such as 
aminopterin. The salvage pathway is then employed in which the nucleotide 
metabolites, hypoxanthine and guanosine are converted to guanosine 
monophosphate via the enzyme hypoxanthine guanine phophoribosyl transferase 
(HCPRT). By using this selection procedure, cells lacking the effective HCPRT 
gene die in the medium containing hypoxanthine, aminopterin and thymidine 
(HAT medium), while normal cells will survive (Butler, 1987). The unfused 
lymphocytes will not survive long due to their limited life-span in culture, while
the myelomas being HCPRT will fail to grow in the inhibitory condition o f the
HAT medium. Therefore, only the HCPRT hybridomas capable of continuous
growth will survive. The next stage involves the selection of the clones capable of 
secreting the desired antibody. The recloning of the selected hybridoma is 
essential to ensure that the two desired genetic characteristics - continuous growth 
and antibody production are stably maintained (Prave et a l,  1982).
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1.6 3.2 Large scale monoclonal antibody production
Once the active hybrids have been identified and cloned, the hybridoma cells can 
then be propagated for antibody production as well as for cell stock maintenance 
(Goding, 1986). The production of the monoclonal antibody can be carried out in 
two ways (Butler, 1987):
(1) The in vivo incubation through the injection of the isolated hybridoma cells into 
the peritoneal cavity of the mouse. The cells will develop into a tumour in the 
surrounding ascites fluid, which can increase in volume to about 30 ml. However, 
there are several problems associated with this approach such as the contamination 
of the product with other plasma proteins and possible infectious agents (James, 
1990). The need o f more manpower because o f its multiple process nature 
(McCullough & Spier, 1990) as well as the requirement to use a large number of 
rats and mice have become a drawback since the in vitro alternatives have been 
made available. There are also ethical objections to the use of the animals in this 
way.
(2) The in vitro propagation is carried out by culturing the hybridoma in 
suspension culture. Being a non-anchorage dependent cell, the hybridoma cells are 
capable of growing to a concentration o f 2 x lO^cells/ml in a conventional 
propagator (Butler, 1987). This approach is also seen as a better procedure 
because o f its ability to scale-up via a unit process system and can be exploited for 
the efficient production of antibodies using a very dense suspension o f  animal cells 
(McCullough & Spier, 1990). The strong marketing potential and a high demand 
for antibodies have led to extensive research on the large-scale production of 
monoclonal antibodies. j
Hybridoma cells grow in a suspension culture as monodisperse cells and the
antibody production is usually based on an airlift (Arathoon & Birch, 1986; Birch
et a l, 1987) and stirred systems (Lebherz et a l, 1985; Lavery et a l,  1985).
However several modifications have been developed in order to increase the
efficiency of the antibody production such as using the packed-bed reactor (Murdin
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et a l, 1987) and hollow fibre reactor (Tharakan & Chau, 1986). Himmler and his 
colleagues (1985) suggested that hybridoma cells are also capable o f growing as 
semi-anchorage dependent cells by encapsulation in an agarose matrix. It was 
reported that the encapsulation of the hybridoma cells resulted a higher level of 
antibody production compared to the monodispersed suspension system (Rupp, 
1985). Using this particular method allowed hybridoma to grow to a high 
concentration in the form of spherical beads/capsules with diameters around 3- 
5mm (Butler, 1987). The capsules were cultured in a fluidised bed column (Mano 
et a l, 1992) or suspended as aggregates in a simple stirred tank reactor (Birch et 
a l, 1985).
Since then, this technique has expanded with various modifications (Nilsson & 
Mosbach, 1987) and various materials have been used for the cell encapsulation 
such as alginate (Lim & Moss, 1985; Taya et aL, 1989) and polylysine 
(Vandenbossche et a l, 1993). Studies on the production of monoclonal antibodies 
are still in progress with generally three aims to meet the high demand (Himmler et 
a l,  1985); (1) to generate high antibody titres, (2) to produce low amounts of 
foreign proteins in the culture fluid and (3) to minimised the overall cost of 
production.
1.6.3.3 The uses of monoclonal antibody
According to McCullough and Spier (1990), there is a wide range of applications 
of monoclonal antibodies covering most areas of biology, from the analysis of 
antigenic structure to diagnostic prophylactic and therapeutic treatments of 
diseases and disorders. The use of monoclonal antibodies in the field o f infectious 
agents and the diseases was pioneered by Gerhard and Webster (1978) who 
generated a large panel of monoclonal antibodies against the hemaglutinin of 
influenza virus. Similar studies had been carried out on a variety o f viruses such as 
rabies (Wiktor & Koprowski, 1980) and polio virus (Osterhaus et a l,  1983).
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Nowadays, monoclonal antibodies are used in almost all immunological 
laboratories in one form or another, whether to identify specific chemical 
groupings or to assist in the purification of important molecules expressed by cells 
or present in complex biological mixtures (Osterhaus & Uytdehaag, 1985). The 
development of ELISA methods with the application of monoclonal antibodies has 
enhanced the effectiveness o f the determination o f particular antigens and 
antibodies (McCullough & Spier, 1990). Other important uses of monoclonal 
antibodies are their applications in cancer research including therapy, diagnosis 
and analysis o f tumour antigens (Boss et a l, 1983).
Monoclonal antibodies enable the accurate diagnosis and typing o f solid tumours 
(Kennet et a l, 1980) as well as suppressing the growth of mouse T-cell leukaemias 
in vivo (Trowbridge et a l,  1983). These are only some of the examples o f the 
many applications of monoclonal antibodies. Various related studies are in 
progress because of the its promising future potential. Merten (1990) believed that 
monoclonal antibody technology has revolutionised biological, chemical and 
medical sciences because of the huge application possibilities.
I l l  OBJECTIVES OF THE STUDIES
The aim of this research is to understand the phenomena of nutrient gradients 
within aggregates formed in cell culture, on both the cells and the products formed 
from these cells. To achieve this aim, several aspects have to be investigated.
1. The induction and development of aggregate formation in cell culture by the 
utilisation of selected molecules found in the extracellular matrix especially 
collagen as well as manipulating the constituents of the cell culture media. The 
effect of additions to the cell culture media were evaluated and the optimum levels 
of the added materials were determined to obtain the most effective composition 
for cell growth and aggregate formation.
2. The nutrient gradients within the aggregates was studied by measuring the cell 
growth and the dimension of the cell aggregates by using various techniques.
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These include the utilisation of biochemical, morphological and physical 
measurements of the systems.
3. The growth and the productivity of the cells in an aggregate culture was compared 
with a monodisperse suspension cell system or stationary monolayer system for 
three types of products; (a) poliovirus production from HeLa S3 cells, (b) secreted 
alkaline phosphatase enzyme from a genetically engineered BHK cell line and (c) a 
secreted monoclonal antibody which reacts with influenza virus, produced by 
hybridoma cells.
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2. MATERIALS AND METHODS
2.1 Medium
The cell culture medium used was prepared from a lOX concentrate of RPMI 1640 
(Sigma, Appendix 1). For cell growth, the medium was prepared by diluting it 
(1:10) with presterilised ultrapurified Mili-Q water (Mili-Q system, Milipore), 
supplemented with 2mM of L-glutamine (Sigma), 2 g/L of sodium bicarbonate 
(Sigma) and 5% (v/v) of Newborn Bovine Serum (NBS, Imperial Lab). Before the 
medium was stored at 4°C and used, it was tested for extraneous microorganism as 
described in Section 2.6.
2.2 Culture vessels
Three types of culture vessels were used in these investigations depending on the 
type of cell propagation (Figure 2.1).
2.2.1 Tissue culture (Roux) flasks
Plastic tissue culture flasks (Nunc) with surface areas for cell attachment and 
growth of 50, 75 and 175cm^ were used with 10, 50 and 100ml cell culture media 
respectively. Cell propagation was carried out in either a 37°C ± 2°C hot room or 
in a humidified 5%C0 2 , 95% air gassed incubator. The screw caps o f the tissue 
culture flasks were tightly sealed in the hot room while left loose in the incubator.
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2.2.2 Spinner flasks
The spinner flasks were set up using either a 250ml capacity Duran bottle with a 
suspended magnetic bar impeller or a round bottom Pyrex flask with a magnetic bar 
impeller held by a glass rod shaft inserted via its rubber stopper cap (Figure 2.1). 
The Duran bottle was used for mass suspension cell production while the round 
bottom flask was used for aggregate induction experiments. During the cell 
cultivation, both types of spinner flask were incubated in the hot room at 37°C and 
positioned on a magnetic stirrer with the rotation speed of the drive magnet 
adjusted according to the experiment.
C
Figure 2.1: The tissue culture vessels used for cell propagation; (a) roller bottle, (b) 
Duran bottle, (c) spinner flask and (d) Roux tissue culture flasks.
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2.2.3 Roller bottles
The roller bottles for cell propagations used in these studies were of 500ml capacity 
(9 cm diameter Wheaton bottles). Cell propagations using these bottles were 
conducted in a 37°C hot room, with the roller bottles rotating on a Luckam Roller. 
The revolutions of the bottles were adjusted according to the experiments.
2.3 Cell culture lines
2.3.1 HeLa S3  cell
The HeLa S3 cell line was provided by the Wolfson Cytotechnology Laboratory of 
the School of Biological Sciences, University of Surrey. This cell line was an 
adapted HeLa cell line, which grew in suspension. However, these cells also have 
the ability to exhibit anchorage dependent growth when grown in a stationary 
system.
2.3.2 HeLa Ohio cell
The HeLa Ohio cell line, which was provided by the Wolfeon Cytotechnology 
Laboratory, was initially obtained from MRC Common Cold Unit, Harvard 
Hospital, Salisbury, and U.K. These cells exhibited anchorage dependant growth 
for the propagation of the Human rhinovirus Type-2 that was used as the antigen 
for ELISA (Enzyme Linked Immunosorbent Assay) tests.
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2.3.3 Vero cells
The Vero cell line was obtained from the School of Biological Sciences, University 
o f Surrey. The cells were used as a host for the propagation of the Poliovirus type- 
1.
2.3.4 Baby hamster kidney (BHK) cell (genetically engineered to produce the 
enzyme alkaline phosphatase)
The BHK cell line was originally obtained from Dr. Hansjorg Hauser (GBF, 
Braunschweig, Germany). The cell line was genetically engineered and constructed 
by co-trans&ction of the BHK21 cell line with pRSVSEAP, pAG60 (Colbere- 
Garapin et aL, 1981) and pSV2PAC (Vara et al., 1986) plasmids by calcium 
phosphate co-precipitation. The plasmid pRSVSEAP contained the cDNA to 
express a secreted form of the alkaline phosphatase enzyme.
2.3.5 D36 mouse hybridoma cell
The D36 hybridoma cell line originally cloned by Kumar (1989) was provided by 
the Wolfson Cytotechnology Laboratory of the School of Biological Sciences, 
University of Surrey. The cell line was obtained by the polyethylene glycol 
mediated fusion of balb/c mice spleenic lymphocytes, which were priorly immunised 
with the human rhinovirus type-2, and the NS-1 myeloma cells. The cell fusion 
resulted in the formation o f a panel of hybridoma clones, which produced specific 
and cross reactive monoclonal antibodies towards human rhinovirus type-2. The 
D36 cell line was propagated from one o f the clones, which was screened and tested 
to produce a relatively high titre of highly cross reactive monoclonal antibody.
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2.4 Propagation of the cells used in the study
The cells were propagated initially as a monolayer culture and later as a suspension 
culture for the mass production of cells for use either in experiments or for storage.
2.4.1 Monolayer cell culture
Cells were seeded at a concentration of 2.0 - 2.5 x lO^cell/ml in the growth medium 
and the cell suspension was added at the level of 0.6ml/cm^ culture flask area. The 
culture with loosely fitting bottle caps was incubated at 37°C in 5 %C0 2  humidified 
incubator. The cell growth was observed microscopically and subcultured when 
the cell sheet appeared confluent. With the HeLa S3 cell line, anchorage dependent 
behaviour was only observed up to the second or third subculturing. After this 
period, suspended cells were seen in the culture and at this point cells were normally 
transferred into a suspension system.
2.4.2 Suspension cell culture
Cells were seeded at the level of 2.0 - 2.5 x lO^cell/ml in the suspension system at 
100ml working volume held in a 500ml capacity container. The cells were grown 
as suspended cells in a hot room at 37°C, and subcultured when the cell count 
reached 6-8 X lO^cells/ml.
2.5 Cell harvesting
2.5.1 Monolayer cells
To harvest the monolayer cells, the spent culture media was decanted and the cell
sheet was washed twice with a pre-warmed phosphate buffer saline (PBS)
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(Appendix 2). Then, an appropriate amount of 0.25%(w/v) Trypsin-EDTA (Sigma) 
in PBS solution was added to the monolayer cells. The tissue culture flask was 
tilted to allow the trypsin solution to evenly cover all the cells and the excess 
solution was discarded. The culture flask was then left in a 37°C hot room 
between 5-15 minutes and during this period the monolayer cells were observed 
under the microscope. When the cells became round in shape and started to 
dissociate, the tissue culture flask was shaken to dislodge the cells. Finally, the cell 
suspension was collected and diluted to the required concentration by adding fi*esh 
media supplemented with 5% NCS to neutralise the trypsin activity and protect the 
cells.
2.5.2 Suspension cells
Cells were harvested from the suspension culture system for experiments when the 
cells were in the logarithmic phase. The cell suspensions were centrifuged at lOOOg 
for 5 minutes to separate the cells from the supernatant. The supernatant was 
decanted, and then the cells were resuspended in PBS and subsequently counted to 
determine the cell concentration. For the experiments, these cells were finally 
added into the prepared culture media at a concentration between 2.0-2.5 x 
lO^cells/ml.
2.5 J  Suspended HeLa S3 cell aggregates
The suspended HeLa cell aggregates were grown in roller bottles and therefore 
were harvested using the same method as harvesting the suspension cells as 
described in Section 2.5.2.
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2.5.4 Suspended BHK cell aggregates
The BHK cell aggregates were harvested from the culture for the determination of 
cell concentration. The cell aggregates were initially collected into 50ml centrifiige 
tubes and centrifuged at lOOOxg for 5 minutes. The supernatant was decanted and 
the cell pellets in each centrifuge tube was resuspended with 10ml of 0.25% 
Trypsin-EDTA solution. The resuspended cells were left at 37°C for 5-15 minutes 
while intermittently shaken in the centrifiige tubes using a Vortex mixer. The 
completely dissociated cell aggregates were finally diluted with PBS solution for 
cell counting.
2.6 Sterility tests
Sterility tests were routinely performed on all cell preparations, culture reagents and 
growth media. The sterility check was carried out after each preparation as well as 
before subculturing the cells. The sterility test inoculum was prepared by 
centrifuging 10 ml of reagent/medium/cell preparation at 2000g for 5 min. The 
supernatant was decanted while leaving behind about 1 ml of sanqjle in the 
centrifuge tube. The pellet was then resuspended and 0.5 ml o f the concentrate was 
inoculated into each of a nutrient broth and nutrient agar plate respectively. Both 
test cultures were incubated at 37 °C and examined every day for 7 days for any 
microbial growth. If there was any existence of microbial growth on the nutrient 
agar or cloudy precipitation in the nutrient broth, the Koch postulate test was 
carried out. This was done by subculturing the suspicious inoculum into another 
nutrient agar plate and nutrient broth, respectively. Meanwhile, suspected fungal 
contaminant was subcultured on a Sabouraud Dextrose Agar media. When the 
microbial contamination was confirmed positive by the Koch postulate, the source 
of the inoculum was immediately discarded, as were all the data associated with the 
originating culture.
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2.7 Cell storage
Cells were stored as a stock for cell maintenance and future use. The cells to be 
stored were harvested from their exponential growth phase at not less than 90% 
viability. The freshly harvested cells were resuspended in the preservation medium 
(Appendix 3) at concentrations of 5 x lO^cells/ml for monolayer cells and 
lO^cells/ml for suspension cells. 1.5ml of the suspended cells were aliquoted into a 
cryopreservation tube (Nunc) and allowed to freeze at -70°C for 24 hours before 
being transferred into the liquid nitrogen container. A sanq)le consisting of 10% of 
the batch to be stored was tested for freedom of contamination.
2.8 Reviving stored cells
Stored cells from the liquid nitrogen storage system were revived by a rapid 
thawing in a water-bath pre-warmed to 37°C. The cell suspension was then added 
to 10ml of pre-warmed growth medium and centrifuged at lOOOg for 5minutes to 
separate cells from the storage medium. The supernatant was decanted and the cell 
pellet was resuspended in an appropriate volume of 2 0 % newborn calf serum 
containing medium and transferred into a tissue culture flask. The cells were finally 
incubated in the humidified CO2 gassed incubator until the population had reached 
the level where confluence was observed microscopically and subculturing was 
necessary. Simultaneously the cell culture was gradually adapted to grow in 5% 
newborn calf serum containing mediunL
2.9 Viruses
Two types o f virus were used in the study described as follows:
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2.9.1 Poliovirus type-1
Poliovirus type-1 was used as a model of biological production from HeLa cell. 
The virus was obtained from the School of Biological Sciences Culture Collection 
as infected cell culture supernatant fluid. The virus was propagated in static 
monolayers of Vero cells before being used to infect HeLa S3 in a suspension 
system.
2.9.2 Human Rhinovirus type-2
The Human Rhinovirus type-2 was obtained from Dr. David Brown, PHLS Virus 
Reference Division, London in the form of a frozen stock in an ampoule. This virus 
was propagated in static monolayer culture of HeLa (Ohio) cells and used as the 
antigen in the Indirect ELISA method (Described in Section 2.13.3.2b).
2.10 Measurement of cell growth
Cell growth was determined by measuring the cell concentration and viability while 
the metabolic activity was assessed by the MTT assay. Biochemical analyses were 
carried out to determine the D-glucose consumption and L-lactate production in the 
culture medium. These parameters were measured in samples of the culture taken 
at 24-hour intervals throughout the experimental period.
2.10.1 Measurement of cell concentration
Two types of cell staining were utilised to measure cell concentration depending on
whether the cells were monodispersed or aggregated. Trypan blue was used to
stain monodispersed cells by negative staining while crystal violet was used to stain
the cell nuclei in aggregated cells. The cell or nucleus count was determined by
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using the Modified Fuchs-Rosenthal haemacytometer. The cell concentration was 
calculated by using the formula:
Cell concentration/ml = number of viable cells x dilution factor x 10 ,^
(per 5 large squares)
whereas the cell viability was calculated by using the formula :
% viability = number (N°V)f viable cells x 100 
N° viable + N° non viable
2.10.1.1 Trypan blue dye exclusion staining
This staining method was applied to monodispersed or non-aggregated cells. 0.4% 
(w/v) of Trypan blue (Sigma) diluted in PBS solution was added to an appropriate 
volume of cell suspension. The living cells excluded the dye whereas the dead cells 
were stained blue because the stain leaked into the cells via the damaged plasma 
membrane.
2.10.1.2 Crystal violet nuclei staining
The method used for staining nuclei with crystal violet was previously described by 
Sanford et a l (1951) and subsequently modified by Van Wezel (1973). The 
staining solution was prepared by adding 0.5%(w/v) crystal violet and 42g/L citric 
acid, dissolved in distilled water and added at an appropriate ratio to suspended cell 
aggregates (e.g. 3:1 respectively). The cell concentration and viability were 
determined by counting the number of released nuclei as a result of the 24 hours 
incubation with the staining solution. During this incubation, the sample was 
intermittently shaken to loosen the cell aggregates. Nuclei fi-om living cells retained 
their structure whereas nuclei from dead cells were smaller, shrunken and 
homogeneously stained with the crystal violet reagent.
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2.10.2 MTT assay
The MTT assay is a colorimetric assay developed by Mosmaim (1983) as an 
alternative to determine the cellular growth and proliferation. MTT (3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide. Sigma) was dissolved in 
PBS to a concentration of 5 mg/ml and was filtered for sterilisation (0.2pm 
membrane filter, Sartorius). The assay was carried out using a 96-well round 
bottom microtiter plate (Nunc) into which lOOpl of cell suspension was aliquoted 
per well. lOpl of the MTT stock was added to each well, then the plate was 
covered and incubated at 37°C for 3 hours. The dark blue crystals o f the 
formazan product were then dissolved with lOOpl of acidified iso-propanol (0.04N 
HCl in iso-propanol) to produce a homogeneous solution. Finally, the optical 
density of the solution was measured at 570nm wavelength and 630nm as reference 
wavelength using a Microplate Reader (Dynatech).
2.10.3 Biochemical analyses
Samples were taken from the culture at 24 hour intervals during the experimental 
period. These samples were centrifuged to remove cells and cellular debris, 
dispensed into 1.5ml vials and stored at -20°C for glucose and lactate analyses.
2.10.3.1 D-glucose analysis
The method followed was as supplied by the Analox Instruments Ltd. Glucose 
analysis was carried out using a GM7 Analyser, which measured oxygen 
consumption when oxydoreductase enzymes (oxydases) reacted with their 
substrates under semicontrolled anaerobic conditions. The glucose/glucose oxidase 
(GO) system was :
P-D-glucose + Ü2 Gluconic acid + H2O2
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Under appropriate conditions an oxygen sensor monitored the resultant dissolved 
molecular oxygen uptake. The total change and maximum rate of change were both 
proportional to the concentration o f the glucose substrate.
Before measurements were carried out, the glucose standard reagent, and samples 
were warmed up to room temperature and the analyser was calibrated with a 144.1 
mg/dl standard glucose reagent. A lOpl experimental or standard sample was 
injected into the reaction chamber and each sample was assayed in duplicate with a 
standard deviation of no more than + /- 1 0%.
2.10.3.2 L-lactate assay
The method followed was as supplied by Analox Instruments Ltd. Lactate analysis 
was carried out using a GM7 Analyser, employing the same principle as for the 
glucose analysis. In this case, L-lactate: oxydoreductase (LOD) catalysed the 
oxidation of L-lactate to pyruvate as follows:
L-lactate + O2 Pyruvate + H 2O2
LOD is highly specific for L-lactate and under appropriate condition the maximum 
rate of oxygen consumption is directly related to lactate concentration.
A 7pl sample was used and calibration was carried out with 72.1 mg/dl lactate 
standard reagent. Each sample was assayed in duplicate with a standard deviation 
of no more than +/-1 0%.
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2.11 Virological techniques
2.11.1 Virus propagation in static monolayer systems
The viruses were propagated in a static monolayer system to be used as the 
inoculum as well as for the stock maintenance. The Poliovirus was propagated in 
Vero cells while the Human rhinovirus was propagated in HeLa (Ohio) cells. The 
spent medium was decanted from those flasks having a confluent cell sheet. The 
cell sheet was washed twice with pre-warmed PBS and the virus inoculum 
(lO^Tissue Culture Infectious Dose$o (TCID5o)/ml) was added at the level of
0.04ml/cm^ area. The virus was allowed to be absorbed at room temperature for 30 
minutes and then a maintenance medium (Appendix 4) was added to the level of
0.2ml/cm^ culture area. The flask was incubated at 37°C for the Poliovirus and 33- 
35°C for the Human rhinovirus. The cultures were examined daily for the viral 
cytophathic effect (CPE) and the virus was harvested when maximum CPE was 
observed before all the cells were completely lysed by the virus.
2.11.2 Harvesting of the virus
The monolayer culture flask was shaken vigorously to dislodge the infected cells off 
the surface. The infected cell suspension was frozen and thawed three times to 
release the cell associated virus. It was thawed quickly in a waterbath and, in the 
case of the human rhinovirus, the temperature was kept around 33-35°C. The cell 
suspension was then centrifuged at lOOOxg for 10 minutes to remove the cell debris. 
Finally, the supernatant was aliquoted and stored at -70°C.
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2.113 Virus titration (TCID5 0  determination)
The virus was titrated using a flat bottom 96-well microtiter cell culture plate
(Nunc). The maintenance medium (Appendix 4) was used as the diluent and the
titration was carried out as follows:
1. A ten fold dilution series of the virus suspension was prepared by diluting 0.1ml 
of virus inoculum with 0.9ml of the diluent.
2. 50jil of each virus dilution was pipetted into 4 wells. The last 4 wells sustained 
diluent only as the negative controls.
3. The microtiter plate was incubated at 35®C for the human rhinovirus and 37°C 
in the case of poliovirus for 1 hour in a 5% CO2,, 95% air gassed incubator.
4. Meanwhile the host cell o f the virus was prepared as described in Section 2.5.1. 
The cells were counted and diluted with the diluent to a concentration of 3.5 x 
1 0  ^cells/ml.
5. lOOpl of the cell suspension was added into each well and the plate was 
incubated at the appropriate temperature in the 5% CO2, 95% air gassed 
incubator. The viral CPE was observed daily using the inverted microscope. 
The number of wells showing positive for viral CPE was recorded and the virus 
titre was calculated according to the method described by Minor (1985). The 
calculation of the virus titre was expressed as the dilution o f the virus required 
to infect 50% of the culture (TCID50). For example, if half (2/4) o f the wells 
showed viral CPE at the dilution 10’^ , the titre was lO^TCIDso units in 0.1ml. 
If all wells showed viral CPE at 10’^  and none at 10'^, the titre was lO^’^ TCIDso 
units in 0 .1ml.
2.12 Determination of the biological products from cell culture
The biological products o f the cell cultures were determined according to the type
of product fi-om each particular cell culture.
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2.12.1 Poliovirus type 1 from HeLa S3  cell culture
The production of the Poliovirus type-1 from HeLa S3 suspension culture was
determined by plaque assay o f the virus collected from the culture supernatant. The
assay was carried out as follows:
1. A six-well tissue culture plate was seeded with 5 x 10  ^cells/ml of Vero cells in 
5ml medium per well and incubated in 5% CO2 gassed incubator at 37°C to be 
used the next day.
2. A sufficient amount of 2% agar in distilled water was made up and kept molten 
at 56°C. At the same time a 2X concentrate of maintenance media was also 
prepared and kept warm at 37°C.
3. A ten fold dilution series o f the virus suspension was prepared from 10’  ^ to 10’^  
using the IX concentration maintenance medium as the diluent.
4. The spent medium of the Vero cell sheet was removed and 0.2ml o f virus
-3 -7inoculum from the 1 0 '  to 1 0 '  dilutions were inoculated onto duplicate cell 
sheets, with a negative control using the same amount of maintenance medium. 
The virus inolculum was evenly distributed on the cell sheet by gently rocking 
the 6 -well plate. The plate was left at room temperature for 15-20 minutes to 
allow virus absorption.
5. An equal amount of the 2X concentrate maintenance medium and 2% agar were 
mixed and 4 ml of the mixture was overlaid into each well. The plate was 
agitated gently to allow an even distribution of the medium and left at room 
temperature until the agar completely solidified.
6 . The plate was then incubated upside down in 5% CO2, 95% air gassed 
incubator at 37°C until the plaques appeared when observed under a 
microscope within 24-48 hours.
7. The agar overlay was removed carefully from the cell sheet using a small 
spatula. The cell sheet was then stained by adding 2-3ml of 0.1% crystal violet
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in 20% Ethyl Alcohol and left for 15-20 minutes. Finally, the stain was 
removed and the titres were calculated as the example below :
Virus dilution Total number of plaques in 0.2ml
1 0 ’^  confluent
1 0 "^  60
10'^ 7
1 0 "^  1
1 0 '^ 0
0 .2 ml of a 1 0 "^  dilution of virus contains 60pfu
0.02 ml of a 10"  ^dilution of virus contains 7pfu
0 .0 0 2 ml of a 1 0 "^  dilution o f virus contains Ipfu
0.0002ml of a 10"^  dilution of virus contains Opfu
Therefore 0.2222ml o f undiluted virus contains 6 8  x lO"^  pfii
1ml of undiluted virus contains 6 8  x 1 0"* pfu
0 .2 2 2 2 ml
Titre of original virus suspension = 3.1x10^ pfii/ml
2.12.2 Alkaline phosphatase enzyme(ALP) secreted' by a genetically 
engineered BHK cell culture
The detection of the alkaline phosphatase enzyme secreted by the BHK cells was 
measured by allowing a catalytic reaction with a substrate. In principle, the reaction 
was described as follows :
p-Nitrophenyl Phosphate + H]0 => p-Nitrophenol + Pi
The hydrolysis occurred at alkaline pH values and the p-Nitrophenol formed 
showed an absorbance maximum at 405nm. The rate of increase in absorbance at
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405nm was directly proportional to the ALP activity in the sample. The alkaline 
phosphatase was measured using two methods as follow :
2.12.2.1 ALP Optimised Alkaline phosphatase EC3.1.3.1 Colorimetric Test 
Kit (Sigma)
The ALP Test Kit consisted of an ALP reagent buffer A and ALP reagent B, p- 
Nitrophenyl Phosphate solution. Both reagents were prepared according to the 
manufacturers’ instructions and warmed in a waterbath at 37°C. In the meantime, 
the spectrophotometer wavelength was set at 405nm and the temperature of the 
cuvet compartment was set at 37°C. The measurement was carried out by 
following the Sample Start Procedure as indicated by the manufacturer.
To measure the alkaline phosphatase in the cell culture sample, culture supernatant 
was first centrifiiged to obtain a cell free sample. Three ml of the Reagent A was 
added into a cuvet and placed in the temperature control cuvet compartment, then
0.05ml of the cell culture sançle was added and mixed immediately by inversion. 
The absorbance at 405nm versus water as the reference was read and a stopwatch 
was also started at the same time. The readings of the absorbance changes were 
recorded at 1, 2, 3, 5 and 10 minutes following the initial absorbance reading. The 
mean absorbance change per minute (AA/min) was determined and the ALP activity 
was calculated by the formula below :
ALP Activity (U/L) = AM nm x T y .x iOOO
18.45 xL P x S V
= AA/min X 3306
where, AA/min = change in an absorbance per minute at 405nm.
TV = total volume = 3.05ml
SV = sample volume = 0.05ml
18.45 = mM absorptivity of p-nitrophenol at 405nm
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LP = light path = 1.0 cm
1000 = conversion of Unit/ml to Unit per litre
2.12.2.2 Method developed by McComb and Bowers (1972)
The cell culture sample was first heated at 65°C in a waterbath for 5 nunutes. The 
sample was then centrifuged at 3000xg for 5 minutes to obtain a cell jfree cell 
sample. lOOpl of sample was added to 1 0 0  pi of 2 X ALP buffer held in a well of 
96-well flat bottom tissue culture plate (IXALP buffer constituted o f 1.0 M 
diethanolamine pH 9.8, 0.5 mM MgCl2 and 10 mM L-homoarginine). The mixture 
was pre-warmed to 37°C for 10 minutes before 20pl of pre-warmed 120mM p- 
Nitrophenyl Phosphate dissolved in the ALP buffer was then added with mixing. 
The A405nm of the reaction mixture was read using an automated microtiter plate 
reader at 1, 3, 5 and 10 minute intervals. The rate of the absorbance change per 
minute was recorded and the activity of the alkaline phosphatase was calculated, in 
which :
I mU = amount of alkaline phosphatase which hydrolysed 1.0 pmol of 
p-nitrophenylphosphate/minute 
= 0.04/minute at A405nm.
2.12.3 Monoclonal antibody from the D36 hybridoma cell culture
The monoclonal antibody produced by the D36 cells was a mouse derived antibody 
and detected using an ELISA test. The reagents used are described below :
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2.12.3.1 The reagents
a. Capture 1®* antibody: Anti-mouse IgG raised in goat, with a titre of 3.1 mg/ml 
was obtained from ICN Biomedical Ltd. UK. The IgG was aliquoted to the 
concentration of 20 pg/ml and stored at -20°C .
b. Virus antigen: The Human rhino virus-1 in cell culture fluid was used as the antigen 
inlD-ELISA.
c. Conjugate antibody: Horse radish peroxidase (HRP) conjugated anti-mouse
serum raised in rabbit was obtained from ICN Biomedical Ltd. UK with a 
concentration of 1.14 mg/ml. It was titrated to find the optimum dilution to be used 
in the ELISA tests. The conjugate was then aliquoted and stored at -20°C.
d. Mouse IgG: Mouse IgG was used as the positive control of the ELISA test was 
obtained from ICN Biomedical Ltd. UK in lyophilised form The IgG was dissolved 
in PBS at a concentration of 20pg/ml and aliquoted to be stored at -20°C.
e. Substrate: The 3,3,5,5-tetramethylbenzidine (TMB) was used as the substrate for 
the peroxidase enzyme. It was freshly prepared in the substrate buffer and its 
formulation is described in Appendix 5.
f. Coating buffer: The coating buffer was purchased from Sigma Chemical Co. UK 
in a capsule form IX coating buffer was prepared by dissolving the content of 1 
capsule in 100ml of MiliQ water and stored at room temperature.
g. Diluent: PBS solution was prepared from a ready-made tablet obtained from Sigma 
Chemical Co. Each tablet was dissolved in 200ml o f MiliQ water and stored at 
room temperature.
h. Washing buffer: PBS containing 0.05% Tween-20 was used as the washing buffer 
and stored at room temperature.
i. Bovine serum albumin (BSA): 1% BSA in PBS solution was freshly prepared and 
used after the addition of antigen to reduce the background effect in the ELISA 
test.
j. Reagent to stop the reaction: 2M of sulphuric acid (H2SO4) was used to stop the 
reaction between the TMB substrate and peroxidase enzyme. It was stored at room 
temperature.
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k. ELISA plate reader: Dynatech MR-600 ELISA reader attached to a computer and 
programmed to read and print the readings was used for reading the optical density 
at 450nm test wavelength and 570nm reference wavelength.
2.12.3.2 ELISA methods
Two types of ELISA methods were used for the detection of the monoclonal 
antibody production. Both methods are diagrammaticaUy illustrated with the 
schematic procedures in Figure 2.2. However the general assay procedure is 
described as follows:
a. Double antibody sandwich ELISA (DAS-ELISA)
The first capture antibody was prepared by diluting it in coating buffer. 100 pi of 
the solution was added into each well and incubated at 37°C for 2 hours. The plate 
was washed 3 times and then dried by tapping it on a wad of blotting paper. lOOpl 
of antigen was added per well (in this case, it was the cell culture fluid containing 
the monoclonal antibody) and incubated overnight at 4°C. The plate was washed 
another 3 times and dried as mentioned previously. lOOpl o f 1% BSA solution was 
added to block the surfece where no absorption of antibody/antigen occurred and 
incubated for 30 minutes at 37°C. The plate was washed and dried again. Then 
lOOpl of the HRP conjugate was added per well and incubated for 1 hour at 37°C. 
This time the plate was washed 5 times to remove unattached conjugate and dried 
as described above. The substrate was then added at lOOpl per well and left at 
room temperature for 15-30 minutes to allow the reaction to proceed. The reaction 
was stopped by adding 50pl of 2M H2SO4 per well when the colour development of 
the test samples were distinguishable fi-om the negative and positive controls. The 
optical density of the samples was read using the ELISA plate reader.
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b. Indirect-ELISA (ID-ELISA)
The same procedure was used in the ID-ELISA but without the first antibody. 
Instead the Human rhinovirus diluted in coating buffer was used as the capture 
antigen. The plate was washed, dried and subjected to the addition of the rest of 
the reagents as mentioned in the DAS-ELISA method.
EUSA METHODS
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a. DAS-ELISA b. Indirect-ELISA
Figure 2.2 ; The schematic procedures and diagrammatic presentation of the a. 
DAS-ELISA and b. Indirect-ELISA.
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2.13 Evaluation of cell aggregate formation
The aggregate formation was evaluated in two ways by using an inverted phase- 
contrast microscope
2.13.1 Photographic observation
The aggregate formation was recorded in a photograph of the cells during their 
third and fourth day of growth. The aggregates were then qualitatively classified 
according to their average sizes. Non-aggregated cells were labelled as (-), whereas 
aggregated cells were assigned 1+, 2+, 3+ and 4+ as the aggregate size increased. 
The photographs were also used for the measurement of the aggregate size 
distribution using an image analyser (described in Section 2.13).
2.13.2 Aggregate size measurement
The aggregate size was measured using an inverted microscope equipped with a 
stage micrometer and a reticule attached to the eye-piece of the microscope. The 
length and breadth of the aggregates were measured randomly and the mean values 
were taken as the diameter.
2.14 Image Analysis : measurement of aggregate size distribution
The image analysis was performed using a Quantimet 970 Image Analyser 
(Cambridge Instruments). The analog image (in a form of a phase-contrast black 
and white photo image) was transferred into a digital image via a scanner ( No 2 
Newvicon auto-brightness sens =1.21) giving a monochrome image where cells and 
aggregates appeared as dark objects on a light background.
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The software programme of the image analyser was set for the identification of the 
measured parameters, which were the aggregate number and their area. This setting 
was carried out by initially calibrating the fector to convert interpixel (point) 
distance into microns. The measurement area was set by an area limit so that the 
detected area below 1000 pm^ (<35pm diameter) was not counted as an aggregate. 
The area limits were assigned between the range of 1,000pm to 50,000pm (51- 
100pm diameter). The scan pattern to be performed across the analog image was 
also chosen to define the area within which objects were to be measured. The 
threshold of the grey levels at the digitised image was adjusted to establish the right 
binary image where the light level and the irregularities in the illumination 
background were smoothed out. By this calibration, only aggregates of interest 
would be selected in each grey image for subsequent processing and analysis.
2.15 Fluorescence staining
A dual immunofluorescence staining technique using fluorescein diacetate (FDA, 
Nikolai et aL, 1991) and propidium iodide (PI, Oparka & Read, ) was employed to 
observe the viability of the cell aggregates. The FDA was cleaved by the esterase 
enzyme activity in the viable cells and de-esterified to polar fluorescein, which was 
fluorescent and accumulated within the cells. Meanwhile, the PI having permeated 
through the plasma membrane into the cells, was a dye, which only stained the DNA 
of damaged or dead cells.
The FDA stock solution was prepared by dissolving 5mg/ml of FDA (Sigma) in 
acetone whereas the PI stock solution was prepared by dissolving 5mg/ml o f PI 
(Sigma) in distilled water. These stock solutions were stored at 0°C and 4°C 
respectively, in the dark until further required. lOpl of the FDA stock and 5 pi o f PI 
were added simultaneously to a 5 ml cell aggregate sample and left for 10-15 
minutes at room temperature. The stained sample was washed once with PBS and 
mounted on a microscope slide. The viable cells fluoresced green and the dead cells
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fluoresced red after an excitation with blue Hght. An epifluorecence microscope 
fitted with a 35-mm camera, a mercury vapour lamp for the ultra-violet (UV) 
illumination and a 450-490nm barrier filter was used and the distinction between the 
viable and dead cells was observed. The fluorescence staining of the aggregates 
was also carried out for the confocal imaging observation.
2.16 Confocal microscopy
The confocal imaging system is a Laser Scanning Microscope (LSM, Carl Zeiss 
Ltd) which consists of an epifluorescence microscope and a computerised scanning 
system The system allows the illumination and imaging of a single pixel at a time by 
an argon laser (wavelength 488nm) across the specimen being viewed. The image 
intensity was collected separately depending on the filter used. Therefore, the 
image firom the viable and the dead cells within the aggregates were analysed 
separately by scanning the sample twice, once for the FDA and the second time for 
PI.
The FDA signal was collected by using a 516-565nm band-pass filter meanwhile the 
PI signal was collected by a 590nm long-pass filter. The plane of the optical 
sectioning can be changed using a computer control stepper. As a result, the 
images of the optical sectioned specimens at certain depth were produced as 
micrographs. The signals firom each focal plane of the specimen can also be 
reconstituted to produced a three dimensional image of the sample.
2.17 Measurement of the oxygen partial pressure (pO%)
The measurement of the partial pressure of dissolved oxygen (pO]) within the cell 
aggregates was carried out using the chemical microsensor (Diamond ElectroTech) 
combined with the polarographic microelectrodes (Figure 2.4). The chemical
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microsensor displayed pO] via a digital meter in either mm mercury (mm Hg) or as 
percentage of total pressure of the atmospheric through direct measurement of the 
polarographic current.
Figure 2.4 : The setting of the equipment used for pO] measurement where the (a) 
microelectrode was fixed on a (b) micromanipulator and attached to the (c) 
Diamond ElectroTech Chemical Micro sensor (Ann Arbor, Michigan). The
aggregates were held on the (d) 1 % agar platform in a petri dish.
2.17.1 The oxygen measurement system theory
The principle of the polarographic oxygen sensor is based on the diffusion of 
dissolved O2 to the polarised cathode resulting in an electrical signal. The dissolved 
O2 is reduced at the platinum cathodie surface of the electrode as:
O2 + 2 H2 O + 4e —> 40H
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meanwhile oxidation takes place at the Ag/ AgCl] reference electrode (anode) and 
the reaction is :
4Ag + 4C1 -> 4AgCl + 4e .
The voltage-current relationship for the polarographic oxygen electrode is obtained 
from the characteristic curve, which shows that between 0.5-1.0 volts, where the 
relationship of the voltage to current is linear. At this point, the current is limited 
by the rate at which O2 difiuses to the cathode. The difrusion rate is a function of 
the dissolved O2 concentration, which is proportional to the pÛ2 and temperature. 
As a result, the current flow through the electrode is directly proportional to the 
PÛ2.
2.17.2 Oxygen Microelectrode
Two types of microelectrode oxygen sensor were used in the investigation. Both of 
these microelectrodes were obtained from Diamond ElectroTech (Ann Arbor, 
Michigan) (Figure 2.5).
2.17.2.1 737 Clark style oxygen microelectrode
The Clark style microelectrode has a built in reference electrode, assembled 
together with the cathode in one body. The contact between the cathode ( shielded 
platinum wire) and the reference electrode (Ag/AgCl anode) is made by IM KCl 
electrolyte solution held in a glass capillary inside the electrode. The glass capillary 
is sealed with a 10 -2 0 pm silicone rubber membrane, which allows O2 gas to difluse 
through it. The microelectrode has a 10pm diameter tip with 8mm shaft diameter 
and is 1 0cm in length.
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2.17.2.2 723 microoxygen electrode
This microelectrode is a monopolar electrode and therefore requires an external 
reference electrode. The cathode is a platinum wire held in a glass capillary and 
sealed with a 7-10pm membrane. It has a 3 pm tip diameter with 1mm shaft 
diameter and is 7cm in length. The reference electrode is basically an Ag/AgCl wire 
and connected separately to the chemical micro sensor equipment. The contact 
between the two electrodes is made by the measuring solution during the oxygen 
measurement.
- -
Figure 2.5 : The microelectrodes (a) 723 microoxygen electrode and (b) 737 Clark 
style microelectrode, used for the measurement of pO] when attached to the 
Chemical Micro sensor.
2.17.3 Handling procedure
The handling of the microelectrode was effected with extreme care because of its
ft-agility. A micromanipulator was used to hold the microelectrode firmly so that
the insertion into the cell aggregate can be done consistently and accurately (Figure
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2.4). The micromanipulator has a minimum 10pm stepper, which allows the 
determination of the distance of the insertion movement. The insertion using the 
micromanipulator also kept the forces parallel to the axis of the electrode and 
helped prevent the microelectrode tip from breaking. Extra care was also taken to 
avoid the microelectrode tip being subjected to a direct flow of bubbling gas in the 
test solution during calibration as this can also cause breakage. After completing 
the oxygen measurement, the tip was rinsed well with distilled water and allowed to 
dry. The formation of salt crystals on the tip of the microelectrode signified a 
broken tip.
2.17.4 The calibration
Before starting the calibration, the microelectrodes were stabilised by soaking the 
tips for approximately 1 hour in PBS solution, with the potential polarisation 
voltage set at -0.75volts (as indicated by the manufacturer). The stabilisation was 
achieved when a constant straight line was obtained on a strip chart recorder. The 
calibration was carried out in the 37°C hot room where the actual oxygen 
measurement would be conducted. The calibration consisted of the determination 
of the electrode response in two PBS solutions, one was vigorously bubbled with 
zero O2 (1 0 0 % nitrogen gas) and the other with air to obtain 2 1 % O2 which is also 
described as 100% of the atmospheric equilibrium saturation. These two solutions 
were bubbled for 15-20 minutes to ensure saturation by the gasses. The 
microelectrodes were then immersed into the 2 1 % O2 solution and the meter 
reading was allowed to stabilise and then adjusted to set at 21% O2 . Next the 
microelectrodes were immersed into the zero O2 solution and the adjustment was 
made for zero oxygen concentration. These two step calibrations were repeated 
twice until a constant reading was obtained at both ends of the scale. During the 
calibration, the microelectrodes were prevented from having a direct contact with 
the flow of the bubbles as this might cause breakage to the microelectrode tips.
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3. INDUCTION OF AGGREGATES FROM HELA S3 CELLS
3.1 Introduction
Growing mammalian cells as aggregates has been suggested as one of the 
alternatives for the production of the high density or high concentration cell culture 
(Tolbert & Feder, 1980; McCullough & Spier, 1990). Formation of cell aggregates 
provides support for cells due to its cell-cell contacts and interactions that are likely 
to be similar to the equivalent phenomena as in intact tissues (Wellnizt & Rakow, 
1993). Some researchers believe that aggregated cells help each other metabolicaUy 
(Folkman & Greenspan, 1975), are more stable against physical stress (Litwin, 
1992), do not experience contact inhibition limitation of growth (Tolbert et al., 
1980) and therefore resulting in more effectively grown cells compared with the 
monolayer systems (Litwin, 1985). Adapting cells to grow in aggregates enables 
either anchorage dependent or non-anchorage dependent types to utilise the well- 
expanded suspension culture system as an alternative to immobilised system. The 
formation of aggregates might overcome the need of a solid substrate for anchorage 
dependent cells, which can become a problem when a large-scale production is 
effected (Moreira et al., 1995b).
According to Curtis and Lackie (1991), several factors, which might influence cell 
aggregation are based on the cell-cell interactions. Physiochemical properties o f the 
cell surface like charges as well as receptor-ligand type of interactions play 
important roles in cell aggregation. Addition of calcium enhances cell aggregate 
formation (Peshwa et al., 1993) possibly because of its positive charges, which 
create electrostatic bonding bridge between the negative charges on the cell surface. 
In addition, collagen is one of the major macromolecule in the extracellular matrix.
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which provides structural support and act as a glue to bind cells together 
(Montesano, 1986; see Introduction, Section 1.2).
The aim of the experiments reported in this chapter is to examine some fectors 
which might induce cell aggregate formation from HeLa S3 cells {a human cervical 
carcinoma epithelium cell; started in 1951 from Hanrietta Lacks (Gold, 1986)}. 
These cells are easily grown and have been widely used in cell culture studies and 
therefore have been chosen as a model for future investigations.
3.2 Comparison of the growth of HeLa S3 cells in monolayer and suspension 
cultures
HeLa cells were grown as a monolayer in the 175 cm^ tissue culture flask while for 
the suspension system, cells were grown in a 250 ml spinner flask with a suspended 
magnetic bar impeller operated at 150 rpm. Both experiments were carried out in 
1 0 0  ml working volumes and samples were taken everyday for the determination of 
cell concentration and glucose and lactate analyses. However for the monolayer 
culture, cell number could not be monitored daily due to difficulty of sampling the 
cells. Therefore, the cell numbers were obtained from sacrificed cell cultures, which 
represented the actual cell numbers for each day during the experiment.
The results of the comparison of HeLa cells grown in monolayer versus suspension 
culture are shown in Figure 3.1a. It can be seen that cells in monolayer culture 
reached maximum on day 3 where confluence was observed and then the cell 
numbers were seen to decrease. Prolonged incubation resulted in cell rounding and 
detachment from the flask surface. Cells floated in the culture media either as single 
cells or clusters and dying cells were also observed. The result also indicated that 
although HeLa cells were able to grow as a monolayer, the proliferation of this cell 
type was more efficient in a suspension system. The maximum number o f viable 
cells was reached on fourth day and was about 30% higher than the maximum
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number of viable cells obtained from the monolayer system. During the experiment 
the cells grew as mono dispersed suspended single cells as the result of the stirring 
process.
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Figure 3.1 : Comparison of HeLa S3 growth shown by the (a) cell concentration, 
(b) D-glucose concentration and (c) L-lactate production in the cell culture media 
between monolayer and suspension system. Bars represent the standard error, n=3; 
from three separated experiments at three different time. This is the same for all 
subsequent figures except when indicated otherwise.
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The differences in cell growth between the two systems were also reflected in the 
results for glucose consunq)tion and lactate production (Figure 3.1b and 3.1c). 
The initial concentration of glucose in the media was 200 mg/dl and no lactate was 
detected at the beginning of the experiment. The results show that suspension 
cultures consumed more glucose as well as produced higher amounts of lactate than 
the monolayer culture. As for monolayer cells, glucose consumption slowed down 
after the third day of incubation when the cell growth reached its confluency. 
Consequently, by the end of the experiment it can be seen that monolayer culture 
used glucose less extensively than the suspension culture.
3.3 The relationship between ceil concentration and optical density values in 
the MTT assay
The relationship between the cell concentration and the optical density (OD) value 
obtained from the MTT assay was investigated in order to determine the correlation 
between these parameters as measured in the experiments.. Different cell 
concentrations ranging from 0 to 8 x 10  ^cells/ml were prepared from HeLa cells at 
the logarithmic growth phase and the assay was carried out as mentioned in Section 
2.10.2. As a result of the reaction between tte  MTT and the mitochondrial 
dehydrogenase enzyme of the cells, formazan crystals were produced. The crystals 
which formed in each well of the microtiter plate were dissolved by repeatedly 
pipetting the aliquot using a micropipette with the 2 0 0  pi capacity tip until the 
formazan crystals were completely dissolved.
Figure 3.2 shows that there was a linear relationship between cell concentrations
and OD values obtained by measurement of the formazan solution with the
coefficient correlation, r=0.99. However, there was a background effect detected at
lower cell concentrations (less than 0.5 x 10  ^ cell/ml) which resulted in negative
optical density values due to the colour o f the MTT solution. This effect was
calibrated by subtracting the optical density value of the negative controls from the
test samples to give the actual optical density values. The linear relationship
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indicated that the MTT assay can be used for estimating the cell concentration and 
the metabolic activity in the future experiment (see also Al-Rubaei & Spier, 1988).
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Figure 3.2 : The relationship between cell concentration and the optical density 
values obtained from the MTT assay of HeLa S3 cells on the day of incubation.
3.4 The effect of agitation on the growth of HeLa S3 cells
Based on the results of Section 3.1, it was obvious that HeLa S3 cells grew more 
successfully in a suspension system compared with the stationary system. However 
with the speed of the magnetic impeller at 150 rpm, there was no cell aggregate 
formation. To promote cell aggregation, an experiment was carried out by reducing 
the stirring speed of the magnetic bar impeller. The cells were grown in stirred 
flasks with different stirring speeds set at 50, 100, 125 and 150rpm with a working 
volume of 100ml. Simultaneously, cells were also grown in a 250ml roller bottle 
revolving at a speed of 3rpm. All the cultures were incubated at 37°C and culture 
sampling was done every day for the measurement of cell growth as mentioned in 
Section 2.2.9.
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The results o f the experiment in which HeLa cells were grown under different 
agitation conditions are shown in Figures 3.3a for the cell count, 3.3b for the cell 
viability and 3.3c for the MTT assay values. It can be seen that over the first two 
days of culture, there were no significant differences between all o f the different 
agitation treatments in the viable cell counts and the OD values fi*om the MTT 
assays. However, at later incubation times, the cells grown in the roller bottle has, 
significantly, produced the highest maximum cell concentration, followed by the 
cells in the SOrpm, lOOrpm, 125rpm and 150rpm stirred flasks, respectively. The 
cells grown in the roller bottle were also found to be aggregated or clustered. 
Therefore, extra care was taken during sampling to ensure homogeneity by shaking 
the bottle while sampling and to ensure cells were completely dissociated during the 
cell counting and MTT assay.
Even though the stirring speed of the magnetic impeller did not significantly affect 
the overall cells’ viability but apparently, the cells in the roller bottle obtained the 
highest percentage of viability (Figure 3.3b) during the experiment. This was 
obvious when it maintained the viability on the fourth day of incubation while the 
cells grown in the stirred flasks had decreased their viability. The same 
phenomenon was also indicated in the MTT assay (Figure 3.3c). The cells in the 
roller bottle showed the highest optical density values on the third and fourth days 
of incubation. Meanwhile, there was no significant difference o f the maximum 
optical density values amongst the cells grown in the stirred flasks with different 
stirring speeds.
When the OD values fi-om the MTT assay were converted to cell concentration
based on the relationship obtained in Section 3.3, the results are shown in Figure
3.3d. The conversion was made by calculating the jc value fi-om the equation of the
regression line, in which y = 0.0702% - 0.1337. The results showed that there were
differences in the time where the maximum cell concentration was obtained. The
cells which were determined manually using haemacytometer (Figure 3.3a) showed
maximum counts on the fourth day of incubation in each of the treatment, whereas
the calculated cell concentration obtained fi-om the equation (Figure 3.3d) showed
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maximum numbers on the 3'  ^ day of incubation. Generally, higher cell 
concentrations were also calculated from cells grown in roller bottles compared to 
others stirred culture treatments.
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Figure 3.3 : Effect of different agitation condition on the growth of HeLa S3 cells 
as shown by the (a) cell concentration, (b) percentage of cell viability, (c) MTT 
assay, (d) calculated cell concentration converted from the relationship of the OD 
values of MTT assay with the manually counted cell concentration, and (e) D- 
glucose concentration in the culture media. Bars represent the standard error, n=3.
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It can also be seen that different agitation conditions have affected the glucose 
consunqjtion of the HeLa S3 cells (Figure 3.3e). Cells in the 50 rpm stirred flask, 
consumed the highest total amount of glucose (187 ± 2 mg/dl) whereas the cells in 
the roller bottle consumed the least total amount of glucose (130.2 ± 7 mg/dl).
3.4.1 The effect of agitation on aggregate formation
HeLa S3 cells grown in a stirred flask at the speed o f 150 rpm exhibited suspended 
monodispersed cells as described in Section 3.2. In order to promote cell 
aggregation, the stirring speeds were reduced. From observations using the phase- 
contrast microscope, the cells tended to form aggregates as the stirrer speeds 
reduced from 150 rpm to 50 rpm. Cell clusters could be seen developing in cultures 
agitated at the speeds of 125 rpm and 100 rpm and finally became obvious at the 50 
rpm speed (Figure 3.4).
However when conçared with the cells grown in the roller bottle operated at 3 
rpm, it was clearly shown that HeLa cell aggregates were more extensively formed 
in the latter system. The slow movement of the roller bottle had apparently 
promoted the aggregation of HeLa S3 cells without affecting their growth. The 
cells within the aggregates were the same size and as round in shape as the 
monodisperse cells and were loosely packed. These experiments confirmed that the 
roller bottle was the most suitable vessel to induce aggregate formation and 
therefore this system was used for further experiments.
3 . 5  The effect of calcium on the growth of HeLa S3  cells
According to Peshwa et al. (1993), the addition of calcium into the cell culture 
media increased the rate of aggregate formation in human kidney 293 cells. The 
following experiments were designed to investigate the possibility that calcium also
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Figure 3.4: Effect of different agitation conditions on aggregates formation of 
HeLa S3 cells grown in stirred flasks agitated with magnetic bar impellers at 50 rpm
(a), 100 rpm (b), 125 rpm (c), 150 rpm (d) and in a roller bottle rolled at 3 rpm (e), 
at 20X magnifications.
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influenced aggregate formation in HeLa S3 cell suspension cultures. A lOmM of 
calcium stock solution was prepared by dissolving calcium chloride (CaCl^, Sigma) 
in the miliQ water, which was sterilised and filtered through a 0.2pm membrane. 
Culture media which already contained approximately 423pM of calcium 
(constituted in the amount of 0.1 g/L calcium nitrate, Ca(N0 3 )2 .4 H2 0  in RPMI 
1640 medium) was added with different concentrations of calcium ion prepared by 
aliquoting the stock Ca^^ solution into the culture media to the additional 
concentration of250pM, 500pM, 750pM, lOOOpM, 1250pM and 1500pM. HeLa 
S3 cells were grown ’with the initial cell concentration of 2.0 x 10  ^cells/ml, in roller 
bottles operated at 3rpm. The cell growth was measured as described in Section 
2.2.8 for determination of the cell concentration, viability and the MTT assay.
The effect o f the addition of different calcium concentrations on the cell 
proliferation is shown in Figure 3.5a. It can be seen that the cells reached maximum 
number on the day of incubation. The viable cell production of the cell cultures 
which were given calcium treatment at 250pM and 500pM showed no significant 
difference with the control treatment (without any additional calcium). However, at 
the higher concentration of calcium added (750pM or above), the maximum cell 
numbers produced were significantly lower than the control treatment. The same 
phenomenon was also indicated m Figures 3.5b and 3.5c obtained firom the 
determination of the percentage of viability and the MTT assay of the cells, 
respectively.
Normalisation of the data fi*om the growth measurements was calculated in order to 
determine the overall effect of calcium on the cell growth. The normalised values 
were determined by calculating the average percentage of the measured growth 
parameters fi*om the calcium treatment in relation to the control culture over the 
experimental period. Figure 3.6 shows that addition of calcium into the culture 
media did not affect HeLa S3 cells’ viability. However the viable cell
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concentrations and the optical density values from the MTT assays were slightly 
reduced as the calcium concentration increased.
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Figure 3.5 : Effect of different added calcium concentrations on the (a) cell counts,
(b) percentage of cell viability and (c) MTT assay of HeLa S3 cells grown in roller 
bottles operated at 3rpm. Bars represent standard errors, n=3.
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Figure 3.6 : Overall effect of calcium on the viable cell count, percentage of 
viabihty and the MTT assay of HeLa S3 cells, shown by the linear regression line 
with n=3. The normalised values were obtained by calculating the average 
percentage of the measured parameters of the calcium treated cultures in relation to 
the control treatment (without additional calcium) during the experimental period.
3.5.1 The effect of calcium on aggregate formation
Visual observation of aggregate formation was performed as described in Section 
2.2.10.1. The photographic observation in Figure 3.7 showed that, cell aggregates 
were already formed in the control culture (without additional calcium). However, 
as the calcium concentration was increased from 250pM to 750pM, the aggregates 
became bigger than the aggregates in the control treatment and fewer single cells 
were found within the observation fields. There was no obvious aggregate size 
increment in the culture treated with lOOOpM calcium and above. Some black 
spots were also noticed in the cell’s surroundings, which were apparently the dead 
cells. This evidence might explain the reduction of the measured growth parameters 
as shown in Figure 3.6. These results showed that an additional calcium 
concentration of 500 pM was a suitable concentration to be used for further 
aggregate studies.
102
CHAPTER 3 INDUCTION OF AGGREGATES
#
Ü
# %
â
> ^  ' : ^ r
# s S l
■ M i l # ' ' - -
<r ? ;,e ■ w - . #
\ t ’Jp
# > .  . i
% %  4 :
-73T t m'O
u # #
f #
p # # ,
tfi
% ' * r
% #
# & #
0 lOGjinT
%
Figure 3.7: Aggregate formation of HeLa S3 cells grown in roller bottles with 
RPMI 1640 medium (a), supplemented with calcium at 250 pM (b), 500 pM (c), 
750 pM (d), 1000 pM (e), 1250 pM (f) and 1500 pM . Photographs were taken 
using a phase-contrast microscope at lOX magnification.
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3.6 The effect of siliconisation of the culture vessel on the growth of HeLa S3  
cells
In the experiments which had been carried out previously, cells were found attached 
to the interior wall of the roller bottles during incubation. The slow speed o f the 
roller (3 rpm) had apparently allowed the HeLa S3 cells to grow as monolayer on 
the interior wall This phenomenon created an inhomogenicity in culture system 
and caused problems during sampling for the cell counting and MTT assay. 
According to Davies (1994), this problem could be avoided by siliconizing o f the 
interior wall of the culture vessels in which the silicon acted as a repellent to 
prevent cell attachment.
The siliconisation was performed by pre-coating the interior surfece of the roller 
bottles with a silicone solution (Sigmacote®, Sigma). 10 ml o f Sigmacote was 
allowed to coat the interior surface by rolling the bottles several times to ensure 
even coating. Excess Sigmacote® was drained out and the bottles were left to dry. 
Then the bottles were rinsed five times with tap water and once with miliQ water. 
These bottles were finally autoclaved before use. Experiments were carried out 
using the siliconised roller bottles and unsiliconised roller bottles as the control, 
with HeLa S3 cell culture added at 100 ml working volume with an initial cell 
concentration of 2.5 x 10  ^ cells/ml. The cell cultures were supplemented with 
500pM of calcium and incubated on the roller rotating at 3rpm in the 37°C hot 
room.
During these experiments, no cells could be seen attached to the interior surfece of
the siliconised culture vessels. The siliconisation had successfully prevented the cell
attachment on the interior surfece whereas cells were observed attached on the
interior sur6 ce of the non-siliconised vessels. Even though the cell culture in the
siliconised vessels produced lower viable cell concentrations, the results in Figure
3.8a indicated that this pre-treatment did not significantly affect the viable cell
production compared to the cells grown in the non-siliconised (control) vessel.
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Meanwhile, the results obtained from the MTT assay showed that the eells grown in 
the siheonised vessel produced significantly higher optical density values compared 
to the controls (Figure 3.8b). These results indicated that HeLa eells grown in the 
siheonised vessel had increased metabohe rates compared to those ceUs grovm in 
the non siheonised vessel.
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Figure 3.8: Effect of sihconisation of the culture vessels on the (a) ceU 
concentration and (b) OD values obtained from the MTT assay of HeLa S3 eells. 
Bars represent standard errors, n=3.
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It can also be seen that there was a difference between aggregates formed in the 
siheonised vessels compared to the control (Figure 3.9). The eehs in the siheonised 
vessels tended to get rounder in shape compared to the eehs in the non-silieonised
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Figure 3.9 : Aggregates formation of HeLa S3 eehs in the RPMI 1640 culture 
media supplemented with 500 pM of calcium, grown in (a) non-siliconized roller 
vessel and (b) sihconized roher vessel. Photographs were taken using a phase- 
contrast microscope at lOX magnification.
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vessels. Since the cells were prevented from attaching to the interior surface of the 
culture vessels, the cells were encouraged to attach to each other. These results 
suggested that siliconisation of the culture vessels might help to induce cell 
aggregate formation on HeLa S3 cells.
3.7 The effect of soluble collagen on the growth of HeLa S3  cells
Collagen is a major component of extracellular matrix which gives structural 
support in the construction of a three dimensional structure in tissue formation. 
This matrix has been widely used as a tool for cell aggregation in cancer researches 
(Sutherland et al., 1971; 1977). In the following experiments, collagen was tested 
on HeLa S3 cell cultures to determine its potential to induce cell aggregate 
formation.
A soluble type of collagen originating from calf skin (Sigma) was used in this 
experiment because it was commercially available and readily prepared as 0 .1  % 
(w/v) solution in O.IN acetic acid. The collagen solution was diluted to 0.01 % for 
the working concentration in 100 ml cell culture media. The pH o f the constituted 
media was corrected to 7.4 with l.OM sodium hydroxide solution as the addition of 
the collagen solution reduced the pH drastically. The HeLa cells were grown at an 
initial concentration of 2.5 x 10  ^cells/ml, in the roller bottles operated at 3 rpm and 
incubated in the 37 °C hot room. The cell growth measurements were determined 
as described in Section 2.10.
The results of the application of soluble collagen at 0.01% (v/v) final concentration 
in the HeLa S3 culture media are shown in Figure 3.10. Both of the collagen 
treatment and the untreated control cultures reached maximum cell concentration 
production on the fourth day of incubation (Figure 3.10a). There were also no 
significant differences in the percentage of the cell viability between the two 
treatments during the experimental period (Figure 3.10b). The similar situation was
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Figure 3.10 ; Effect of the addition of 0.01% (v/v) soluble collagen on the (a) cell 
concentration, (b) percentage of cell viability, (c) MTT assay, (d) D-glucose 
concentration and (e) L-lactate production of HeLa S3 cells. Bars represent 
standard errors, n = 3.
also observed in the MTT assay (Figure 3.10c). However, when glucose 
consumption and lactate production were measured as shown in Figure 3.10d and 
Figure 3.10e, the collagen treated cell cultures consumed less glucose as well as 
producing less lactate compared with the control treatments.
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There was also an indication that soluble collagen had induced aggregate formation 
in HeLa S3 cells. The photographs in Figure 3.12 shows that bigger cell aggregates 
were formed compared to the untreated control HeLa cells. The results of these 
experiments implied that soluble collagen treatment on HeLa S3 cell cultures did not 
appreciably affect the cell growth.
3.8 The effect of the combination of soluble collagen and calcium on the 
growth of HeLa S3  cells
The previous experiments described in Section 3.5 and 3.7, showed that 500pM of 
calcium and 0 .0 1 % of soluble collagen, added separately had influenced the 
aggregate formation without appreciably affecting the growth of HeLa S3 cells. 
The following experiments were carried out to investigate the effect of the 
combination of the soluble collagen and calcium on the cell growth. The cell 
culture media were prepared, in which collagen solution and calcium were added 
fl-om the stock solutions (lOmM calcium and 0.1% collagen stocks, mentioned in 
Section 3.5 and 3.7) to produce an additional concentration of 500p,M calcium and 
0.01% (v/v) of collagen in the cell culture media. Two control experiments were 
also employed simultaneously consisting of collagen and calcium only treatments.
The results of the experiments in which a combination of soluble collagen and 
calcium were added to induced aggregate formation in HeLa S3 cells showed that 
both of the additives did not affect the viable cell production (Figure 3.11a). A 
similar outcome was also obtained fi'om the percentage of the cell viability (Figure 
3.11b). In both of these parameters, there were no signiflcant differences between 
the combination of collagen and calcium treatment and both of the controls.
However, when MTT assay was used to monitor the experiments, lOmM calcium 
the results in Figure 3.11c shows that the maximum optical density values o f the 
combined soluble collagen and calcium treatment were reached on the fourth day of
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incubation. These optical density values were higher and significantly different from 
the optical density values achieved by the two controls. This indicated that the 
metabohe activity of the treated cells was higher than the control cultures.
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Figure 3.11 : Effect of the combination of soluble collagen and calcium on the (a) 
ceU concentration, (b) percentage of cell viability, (c) MTT assay, (d) D-glucose 
concentration and (e) L-lactate production of HeLa S3 cells grown in roller bottles, 
operated at 3rpm. Bars represent standard errors, n=3.
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The glucose levels in the cell culture supernatants were also determined during the 
incubation periods. Results in Figure 3.l id  shows that glucose was consumed at 
about a similar rate when conçared with the other two control treatments. 
However by the fifth day of incubation, the highest amount o f glucose was 
consumed by the calcium control treatment (80 % of the 2 0 0  mg/dl glucose initial 
concentration).Meanwhile, both the combination o f collagen and calcium as well as 
the collagen control treatments consumed about 70 % of the glucose available. 
These results also corresponded to the total lactate production (Figure 3.lie ). It 
can be seen that the calcium control treatment secreted about 30% more lactate into 
the media compared with the collagen control and the combination of collagen and 
calcium treatments.
3.8.1 The effects of soluble collagen and calcium on cell aggregate formation
Figure 3.12 shows that collagen and calcium were able to induce aggregate 
formation of HeLa S3 cells when added separately into the media. However, the 
aggregate sizes were bigger when both of the soluble collagen and calcium were 
combined into the culture media at the 0.01% collagen (v/v) and SOOpM, 
respectively. These combinations also resulted in fewer suspended cells detected 
within the observation field under the microscope compared with the three control 
treatments which consisted of (a) negative control (without collagen or calcium 
addition), (b) collagen alone and (c) calcium alone. Since the combination 
treatment did not affect the cell gro^vth of HeLa S3 cells, therefore it was 
considered for fiirther investigation
3.9 Collagen fast test
An effort was made to find the most suitable type of collagen available in the 
market for use m future investigations. The collagen, which was previously used in
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Figure 3.12 : Aggregate formation of HeLa S3 cells grown in a roller bottle a) 
without the addition of collagen or calcium (negative control), b) with soluble 
collagen only, c) with calcium only and d) with combination of collagen and 
calcium. Photographs were taken at 4X magnification.
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the experiments described in Section 3.7 and Section 3,8, was the only soluble 
collagen available commercially. Meanwhile other types of collagen were available 
in desiccated forms. Therefore, attempts were made to dissolve the desiccated 
coUagens to be added into the culture media for collagen fast tests, to evaluate their 
suitability to induce aggregate formation m HeLa S3 cells. Four types of desiccated 
collagen, which were aU acid soluble types (as indicated by the manufecturer. 
Sigma) and a readily made soluble collagen (0.1% in O.IN acetic acid were tested. 
Comparisons were made between these collagens in their ability to induce aggregate 
formation in HeLa S3 cells.
The collagen solutions were prepared by a modification of the method developed by 
Niyizibi et al. (1984). Each of the desiccated collagens was added into O.IN acetic 
acid at a concentration of 1 .0  mg/ml (0 .1% w/v) and stirred until completely 
dissolved. These collagen solutions were then filter-sterilised using depth-filters 
(Sartorius). Different concentrations of collagen were prepared by diluting the 
0 .0 1 % collagen stock solutions into the cell culture media at the concentration of 
0.0005%, 0.001%, 0.005%, and 0.01%. The pH of the media was adjusted within 
the range of pH 6.9 to pH 7.4 by adding a few drops of IM sodium hydroxide 
solution. Finally, five ml of each collagen concentration was added into a 6 -well 
tissue culture plate for the fest tests.
HeLa cells were harvested fi*om the cell stock culture as described in Section 2.5. 
The cells were added at the concentration of approximately 5x10^ cells/ml into the 
6 -well plates, which already contained the collagen treated media. These plates 
were incubated on a rotating shaker operating at 4rpm in the hot room (37°C). The 
cell aggregation was evaluated after 24 hours of incubation using a phase contrast 
microscope at 4X magnification. The degree of aggregation was scored according 
to the aggregate size formation compared with the negative control treatment 
where no collagen was added into the media.
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The results from these tests suggested that different types of collagen produced 
different degree of aggregations (Table 3.1). Cell aggregates were formed in four 
out of the five types of collagen tested and their sizes were gradually increased as 
the collagen concentration increased. As an exception, there was a type o f collagen 
(C -8 8 8 6 ) which did not induce cell aggregation even at the highest concentration 
tested (0 .0 1 %).
Table 3.1 : Different degree of aggregation produced from collagen fast-test of 
HeLa cells using different types of collagen.
Type of collagen Collagen concentrations
0 % 0.0005% 0 .0 0 1 % 0.005% 0 .0 1 %
C-9791,TypeI 
from calf skin
- + ++ -H -+ 1 l - H
C-8919, Type I solution 
from calf skin
- - ++ ++ 4 - H -
C-3511, Type III 
from calf skin
- + ++ ++ + +
C-7806, Type H 
from bovine nasal septum
- - + + +++
C-8886, Type H 
from bovine Achilles tendon
- - - - -
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Collagen C-9791 which originated from calf skin started to induce cell aggregation 
even at the lowest concentration (0.0005%). As the concentration increased, the 
cell aggregation scores also increased up to 4+ at the highest concentration tested 
(0.01%). The cells were aggregated uniformly and there was a small amount of 
unclumped cells. The same type of collagen (C-8919) but commercially available as 
a solution showed less aggregation compared with solubilised desiccated type (C- 
9791). Collagen C-3511 showed a moderate aggregate formation (2+) and the 
score was maintained even when the collagen concentration was increased. This 
was followed by collagen C-7806 where aggregate formation was only noticed at 
the concentration of 0.001% and higher. Meanwhile, there was no cell aggregate 
formation detected in cell cultures treated with collagen C-8 8 8 6 . These results 
indicated that collagen C-9791 might be most suitable for aggregate formation of 
HeLa S3 cells compared with the other types of collagen.
3.10 Comparison between the effect of soluble and desiccated collagen on the 
growth of HeLa S3 cells
Based on the results from the earlier experiments in Section 3.9, this experiment 
was designed to compare the effect of the soluble and desiccated type o f collagen 
on the growth of HeLa S3 cells. Both types of collagen originated from calf skin 
and the desiccated type was dissolved to prepare a 0 .0 1 % stock solution as 
described in Section 3.9. Different concentrations of collagen were prepared by 
aliquoting the stock solution, 0.05% (v/v) at the concentration of 0.001%, 
0.0025%, 0.005% and 0.0075% (v/v) into the cell culture media.
Difficulties were encountered while counting the concentration of the cells treated 
with the desiccated collagen because the cells were found tightly attached to each 
other. Therefore the cell cultures were sacrificed on the fourth day of incubation 
from which the samples were analysed. Cell counting was performed by crystal
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violet staining as described in Section 2.10.1.2 and the MTT assay was carried out 
as described in Section 2.10.2.
The results suggest that desiccated collagen could produce higher maximum cell 
concentrations in aU concentrations tested compared to the soluble collagen (Figure 
3.13a). By contrast, the percentage of cell viability was higher in the soluble 
collagen treated cells.
1 1r
16 -- (a)
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%
Soluble collagen 
(b)
C ollagen  c o n c e n tr a t io n  
0 0 .0010% 
0 0 .0 0 2 5 %
□  0 .0 0 5 0 %
□  0 .0 0 7 5 %
Dessicated collagen
Soluble collagen
1.2 (c)
Dessicated collagen
0.8
a
I
H  0 .4
0.2
0
Soluble collagen Dessicated collagen
Figure 3.13 : Effect of soluble and desiccated collagen on the (a) cell
concentration, (b) percentage of cell viability and (c) MTT assay, measured on the 
4^  ^day of incubation of HeLa S3 cells. Bars represent standard errors, n=3.
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The different concentrations of soluble collagen had little effect on cell viability 
whereas cell viability increased with increasing concentration of desiccated collagen 
(Figure 3.13b). The results from the MTT assay also suggested higher metabolic 
activities might be obtained from cells cultured in the presence of desiccated 
collagen compared with soluble collagen (Figure 3.13c).
3.10.1 The effect of soluble and desiccated collagen on aggregate formation
Aggregate formations by both types o f collagen were determined by visual 
observation under a phase-contrast microscope. They were characterised by 
aggregate size, compactness and the relative number of suspended cells in their 
vicinity. The degree of aggregation was scored according to the aggregate size 
formation and scores were given as mentioned before in Section 2.13.1.
From the observation under the microscope, it was noticed that as the aggregate 
size increased, its compactness was also increased and fewer suspended cells were 
found in the media. As presented in Table 3.2, desiccated collagen was able to form 
aggregates at lower concentrations whereas soluble collagen needed higher 
concentrations in order to form bigger aggregates. It was also found that there 
were relatively more collagen fibres suspended in the culture media containing 
desiccated collagen compared vsith the soluble type of collagen. The cells were 
seen attached to these fibres and consequently formed cell aggregates.
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Table 3.2: Visual observation of HeLa S3 cells . treated with different 
concentrations of soluble and desiccated collagen.
Type of collagen Concentration of collagen
0 .0 0 0 1 % 0.0025% 0.005% 0.0075%
Soluble + -H- +++ +++
Desiccated ++ +++ ++H 1 ++++
3.11 Discussion
The preliminary study on the induction of aggregate in animal cells was carried out 
using HeLa S3 cells. This type of cell originated from human cervical carcinoma 
and has been widely used in cell culture research (Paul, 1975). HeLa S3 cell is a 
suspended type of cell, transformed from the HeLa Ohio type, which normally 
grows as an anchorage dependent cell. Since it is an established cell and relatively 
easier to propagate compared to others, HeLa S3 cells has shown the ability to 
grow in suspension as well as in a stationary system.
3.11.1 Monolayer versus suspension culture
More extensive cell growth was achieved by growing HeLa S3 cells in a suspension 
system compared to a stationary system. The suspension system produced an 
approximately 30% higher cell concentration on the fourth day of incubation. 
Meanwhile, the stationary system produced maximum cell concentration on the 3^  ^
day of incubation, in which cell confluency was also observed under the phase
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contrast inverted microscope. Subsequently after the third day of incubation, the 
cell numbers decreased.
It can also be seen that some cells accumulated and overlapped on each other, 
detached fi'om the monolayer cells, floated in the culture media and started to form 
cell aggregates. McAteer and Davis (1994) described such phenomenon as a result 
of confluency where the entire available surface for attachment in the cell container 
has been accommodated. It was also an indication of a population density effect, 
which related to the slow down of the proliferation rate. A similar situation was 
also observed on the fourth day of incubation of the suspension system. In the 
suspension system, such a situation is called saturation density when the cell growth 
reaches its plateau or stationary phase (McAtteer & Davis, 1994). This is also a 
result of the nutrient limitation and inhibitor accumulation which is believed to be 
among the factors which affect the cell growth (Butler, 1987).
The nutrient limitation in the suspension system was indicated by the reduction of 
the glucose level to below 100 mg/dl after the third day incubation. Hu and his 
colleagues (1987) suggested that the glucose level should be controlled at above 
100 mg/dl to maintain a sufficient supply for a longer period of cell growth. Higher 
consumption of glucose by the suspension culture showed that the system achieved 
higher rates of cell growth, which was correlated with the rate of glycolysis 
(Thomas (1990). The production of L-lactate was also found to be higher in the 
suspension system compared to the stationary system. Glucose is converted to 
lactate in the glycolisis process. This accumulation might suppress cell proliferation 
(Radledge, 1987). The lower level of lactate accumulation in the stationary system 
was a reflection of the lower usage of glucose, which was directly related to its 
lower growth rate when compared to the suspension system.
The differences of the growth rates between the two systems might be based on the 
differences of the growth container used. Even though both systems had the same 
working volume (1 0 0  ml), the cells in the stationary system were grown as a
monolayer culture in 150cm^ surface area tissue culture flask with 600ml volume
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capacity. Meanwhile the suspension system was grown in a 250ml capacity spinner 
flask aided with a suspended magnetic bar impeller to assist the aeration of the 
system. The overall results of this experiment showed that HeLa S3 cells preferred 
to grow in a suspension system.
The growth of the animal cells used in the studies was determined by cell counting 
using the haemacytometer, MTT assay, analysis of D-glucose and L-lactate in the 
culture medium. Cell counting is the most common method used to measure the 
cell proliferation (Coco-Martin et aL, 1992). Meanwhile the MTT assay has been 
claimed as a reliable indirect method to estimate the cell number (Mosmann, 1983). 
This method is based on the mitochondrial dehydrogenase activity of the cell, which 
reduces the tétrazolium salt (MTT) to produce a purple coloured formazan, 
measured spectrophotometrically. Meanwhile glucose and lactate analyses from the 
culture media can indirectly be used to predict the cell growth (Thomas, 1990).
3.11.2 The relationship of the MTT assay and cell counting
The MTT assay has been tested to assess its reliability on determining the HeLa S3 
cell growth. Linear relationships were obtained when different concentrations of 
cells at logarithmic phase were assayed for the OD values of the formazan products. 
The reading of the MTT assay was found to be proportional to the cell 
concentration. According to Al-Rubaei and Spier (1988) the OD value obtained 
from MTT assay also indicated the level of metabolic activity of the cells. Since the 
HeLa cells were tested from the logarithmic phase of growth where cells were at 
the healthiest condition (McAteer & Davis, 1994), the mitochondrial dehydrogenase 
enzyme was expected to be at the highest level of activity.
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3.11.3 The effect of agitation on growth and aggregate formation of HeLa S3  
cells
The growth of HeLa S3 cells in the conventional stirred flasks with different stirring 
speeds including a roller bottle were investigated because the cells have shown a 
preference to grow in a suspension system. However, the ISOrpm stirring speed in 
the previous experiment caused the cells to grow as monodisperse cells as a result 
of the hydrodynamic forces which were held to be responsible for the 
disaggregation of the cells (Tolbert et al., 1980). The reduction of the stirring 
speeds of the magnetic bar impeller from 150rpm to 50rpm in the stirred flasks 
resulted in the increased cell concentration and its viability. The highest cell 
concentration was obtained from cells cultured in the roller bottles, which revolved 
at 3rpm.
The determination of the cell growth by MTT assay and glucose/lactate analyses 
also showed that the reduction of the stirring speeds of culture agitation affected 
the cell growth. The highest activity of the dehydrogenase enzyme was detected 
from the culture in the roller bottle indicated by the OD values of the MTT assay. 
There were some variations on the estimated cell numbers obtained from the OD 
value-cell number relationship as described in Section 3.3. The highest estimated 
cell concentrations calculated from the MTT assay were detected on the third day 
of incubation (Figure 3.3d), compared with the fourth day of incubation for cells 
counted haemacytometrically (Figure 3.3a). The differences between these 
parameters might be due to the state of metabolic activities of the cells on different 
days of incubation. Since the linear relationship was measured from HeLa cells in 
the logarithmic phase where the metabolic activity was at the highest level (Al- 
Rubaei & Spier, 1988), there was no significant difference of the cell numbers from 
both measurement on the third day except for cells cultured in the roller bottle. The 
haemacytometrically counted cells showed a maximum on the fourth day while the 
estimated values showed a slight reduction of cell numbers. The activity of the 
dehydrogenase enzyme might decreased by the end of the logarithmic phase (from
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the third to fourth day) but cell proliferation was still observed at a slower rate 
(McAteer & Davis, 1994). These observations might explain the increase o f the cell 
concentration counted on the fourth day of incubation. There were no significant 
differences in the cell viability on the third and fourth day of incubation for cells 
cultured in roller bottles while slight decreases were detected in other agitation 
treatments.
The significant differences in the growth parameters o f the roller bottle cultures 
were also observed in their glucose utilisation patterns. This phenomenon might be 
associated with the aggregate formation as shown in Figure 3.4. Slower glucose 
utilisation was observed in aggregated cultures compared to less aggregated 
cultures obtained from stirred cultures. The formation o f relatively bigger 
aggregates in roller bottle cultures resulted in a different growth phenomenon 
compared to the other treatments, which formed smaller aggregates, or 
monodisperse suspended cells. It could be possible that the differences were the 
results of aggregate formation which involved cells interacting within the 
aggregates (Barnes, 1984).
3.11.4 The effect of calcium on growth and aggregate formation in HeLa S3 
cells
Litwin (1992) suggested that a modification of the content of cell culture medium 
might promote cells to grow as aggregates in culture. The alteration of certain 
ionic elements in the media such as calcium played an important role either by 
increasing (Peshwa et al., 1993) or decreasing (Boraston et al., 1992) the cell 
aggregate formation in different types of cell. The results in Section 3.5 showed 
that the addition of calcium to the media enhanced the formation of aggregates in 
HeLa S3 cells grown in roller bottles. The addition of calcium up to 500pM over 
the -423pM calcium which already existed in the cell culture medium did not affect 
cell growth as reflected by the measurement of cell proliferation, viability and MTT
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assay. At the same time, there was an increase of the aggregate size as the calcium 
concentration increased. However, an addition of calcium which exceeded 500pM 
reduced the cell growth as indicated by the reduction of cell viability.
3.11.5 The effect of siliconisation of the culture vessels
During the experiments, the HeLa S3 cells grew in suspension as aggregates. 
However, cells were also found attached to the interior surface of the bottles 
because of the slow rotation of the roller (3rpm), provided with the characteristic of 
HeLa S3 as a transformed type of cells which enabled them to grow as a monolayer. 
The siliconisation of the interior surface of the bottles had successfully prevented 
the cells from sticking to the bottles’ interior surfece to form a monolayer growth. 
Silicone has acted as a repellent to prevent cell attachment on a surface of the 
culture vessels (Davies, 1994). It was found that the siliconisation did not 
significantly affect the cell growth and had promoted the formation o f relatively 
bigger and rounder aggregates. The prevention of the cell attachment to the 
bottle’s inner surface might have indirectly enhanced the cell ability to attach to 
each other. Based on this finding, the roller bottles used throughout the 
investigation were siheonised as a pre-treatment before being used in the 
experiments.
3.11.6 The effect of soluble collagen on cell growth and aggregate formation
Collagen has been extensively studied because it was the first extraceUular matrix 
material that was isolated and characterised (Reid & Jefferson, 1984). The 
appHcation of extraceUular matrix, particularly collagen, in the cell culture studies 
has been widely practised since its role in the cell physiology has been recognised 
(Bames, 1984), especiaUy in providing structural and support for cells in vivo 
(Alberts et al., 1994). In this study, the appUcation of collagen in a soluble form
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was tested in promoting the aggregation of HeLa S3 cells. There were no adverse 
effects found on the cell growth as shown by the cell growth measurements. Less 
glucose consun^tion and lactate production by the collagen treated culture 
indicated a slower rate of cell metabolism. Such situations were seen as the results 
of aggregate formation due to the addition of 0 .0 1 % (v/v) (=0 .1  mg/ml) soluble 
collagen into the culture medium. These findings showed that collagen could 
successfiilly induce aggregation of HeLa S3 cells which normally grow as 
monodisperse cells m the suspension system.
3.11.7 The effect of combination of soluble collagen and calcium on cell 
growth and aggregate formation
A combination of calcium and collagen additions to the culture medium were 
investigated since both of the additives had shown distinct effect in aggregate 
formation of HeLa S3 cell when applied individually. No significant effect on the 
cell growth was found except for the formation of bigger and rounder cell 
aggregates. The combination of 0.01% soluble collagen and 500 pM calcium had 
no adverse effect on the cell concentration and its viability. Meanwhile the MTT 
assay indicated higher metabolic activity of the collagen and calcium combination 
culture compared with the treatment where collagen and calcium were individually 
added. Similarly, the aggregate formation also affected the cell metabolism by 
decreasing glucose consumption and consequently producing less lactate. These 
observations showed that there was a connection between the aggregate formation 
and cell growth. The addition of combined soluble collagen and calcium had 
produced relatively bigger cell aggregates than the individually added collagen and 
calcium.
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3.11.8 Selection of collagen via collagen fast test
The collagen fast tests were carried out to select the best possible collagen type 
available in market for use in the induction of cell aggregates particularly in HeLa 
S3 and other types of animal cells in friture investigations. Since collagen is well 
known as being difficult to dissolved, only 5 types of collagens were selected based 
on their solubility in O.IN acetic acid (as indicated by the manufacturer. Sigma Ltd). 
The collagens were dissolved according to Niyizibi et al. (1984) with a modification 
in the sterilisation method. One of the collagens, which was a desiccated type, 
originating from calf skin, caused the highest degree of aggregation when added 
into HeLa S3 culture medium. Even though this collagen (C-9791) had similar 
source to the previously used soluble collagen (C-8919), a higher degree of 
aggregation was found, particularly in the higher concentration of collagen. These 
different attributes might be due to the different method of sterilisation o f the 
collagen. According to the manufacturer (Sigma Ltd.), the soluble type of collagen 
was sterilised by exposure to an ammonia vapour for 3-4 hours. By contrast, the 
desiccated collagen was sterilised by membrane filtration. Different methods of 
collagen preparation might produce different levels of purity in the collagen 
preparation, which could result in different characteristics in the induction o f cell 
aggregates in culture.
3.11.9 Comparison between soluble and desiccated collagen on the growth and 
aggregate formation in HeLa S3  cells
The effect of soluble and desiccated collagen both originating from calf skin was 
evaluated on the growth and aggregate formation in HeLa S3 cells. Relatively 
higher cell concentrations were found in cultures with added desiccated collagen of 
different concentrations, compared with the soluble type of collagen. Similar 
phenomena were also evident in the MTT assay, which indicated a higher metabolic
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activity in the cultures with added desiccated collagen. These results might be due 
to the formation o f cell aggregates, where desiccated collagen induced a higher 
degree of aggregation compared with the soluble type. The aggregates exhibited 
rounder shape and were more tightly packed. The attachment o f HeLa S3 cells to 
the collagen fibres, which reformed m the culture media, enhanced the formation of 
^gregates, and simultaneously developed into rounder and bigger aggregates as the 
ceU concentration increased. Even though higher cell concentrations were obtained 
fi"om desiccated collagen cultures, lower cell viability was discovered. There was a 
possibility that the tighter structure of the cell aggregates might have an adverse 
effect on cell growth and caused ceU death.
3.12 Conclusion
The results in this chapter presented evidence that ceU aggregation can be induced 
in HeLa S3 cells by some modification of the culture conditions. The 
hydrodynamics of the culture, which normaUy involved the aeration mechanism 
such as stirring, also affected the formation o f ceU aggregates. Reducing the 
stirring effect promoted ceU aggregation. The siliconization of the culture vessels 
prevented ceU attachment to the interior surface of the vessels, thus also improved 
the aggregate formation. CeU aggregation was also induced when the constituents 
of the culture media were adjusted. The addition of an additional 500pM of 
calcium combined with 0.01% coUagen produced bigger HeLa S3 ceU aggregates, 
without a significant adverse effect on ceU growth.
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4. INVESTIGATION OF NUTRIENT GRADIENTS IN HeLa S3 
CELL AGGREGATES
4.1 Introduction
Based on the preliminary investigations in Chapter 3, it was found that the addition of 
calcium and collagen into the culture media successfully induced aggregate formation 
in HeLa S3 cells. Therefore, further investigations were carried out by varying the 
calcium and collagen concentrations to determine the optimum condition for aggregate 
formations. The growth condition was considered as optimum when the formation of 
aggregates was maximum in size without affecting the cell growth. Various 
concentrations of collagen were combined with different concentrations o f calcium 
added into the cell culture media. One of the combinations was expected to produce 
the most extensive cell aggregation, which was then selected for further studies. 
Having determined the conditions for aggregate formation, it was decided to 
investigate the nutrient gradients in the cell aggregates.
The effect of the variation of calcium and collagen concentration on the cells’ growth 
and its production as well as the aggregate formation was investigated. The aggregate 
formation was measured using an image analyser to determine the size distribution of 
the aggregates for each calcium and collagen concentration. The determination of the 
nutrient gradients in the cell aggregates was conducted in two ways. One way was by 
analysing the data from aggregate size measurements using an image analyser. The 
gradual changes of the cell growth parameters due to the increase in aggregate size 
were presumed to generate the nutrient gradient of the aggregate. The second way of 
determining the nutrient gradient was by direct observation of the cell viability and the 
metabolic activity within particular cell aggregates, conducted by cell staining and 
observations, effected by using the confocal microscope. The impact of the cell
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aggregation on cell biological production was finally evaluated by inoculating HeLa 
S3 cells with poliovirus.
4.2 The effect of the variation of calcium and collagen concentrations on the 
growth of HeLa S3 cells
The following experiments were designed to determine the calcium and collagen 
concentrations, which provided the most favourable conditions for aggregate 
formation and ceU growth. The calcium and collagen stock solutions were prepared as 
described in Section 3.5 (calcium). Section 3.7 (soluble collagen) and Section 3.10 
(desiccated collagen), respectively. Both soluble and desiccated collagen were used to 
compare their effects on the cell aggregate formation when combined with various 
concentrations of calcium. The two types of collagen were added into the cell culture 
media to give a final concentration range of 0.001%, 0.0025%, 0.005% and 0.0075% 
(w/v). On the other hand, additional calcium o f 250 pM, 500 pM and 750 pM were 
added into the culture medium, which already contained approximately 423pM 
calcium (RPMI 1640, Sigma) to increase its concentration. Each collagen and calcium 
concentration were added in combination into the cell culture media, including a 
negative control treatment (without additional calcium) which therefore resulted in a 
total of 32 experiments.
The experiments were started by seeding roller bottles with 2.0x10^ ceUs/ml o f HeLa 
S3 cells. Cell culture media containing the appropriate concentrations o f calcium and 
collagen were then added to a final volume of 100 ml. The cells were cultivated in a 
37°C hot room and by continuous rolling of the bottles at 3rpm. Samples were taken 
at 24 hour intervals for the determination of cell concentration and metabolic activity 
via the MTT assay (Section 2.10). Photographic observations were also carried out on 
the fourth day o f incubation as described in Section 2.13.1. Photographs were taken 
randomly for each treatment used so that the size distribution measurements of the cell 
aggregates using an image analyser could be performed as described in Section 2.14.
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The effects of the soluble and desiccated collagen combined with each calcium 
concentrations are presented in Figure 4.1. Generally, there were no specific trends 
for the cell yields as the results of the addition of extra calcium and collagen into the 
culture media. In the absence of calcium addition (OpM), it can be seen that only the 
culture treated with 0.005% desiccated collagen produced a significantly higher cell 
concentration. When calcium concentration was increased by adding 250pM, SOOpM 
and TSOpM into the culture media, an irregular pattern o f viable cell concentrations 
was observed. There was a tendency for the soluble collagen to enhance cell yield at 
higher collagen concentrations (0.005% and 0.0075%) in the addition of either 500pM 
or 750pM calcium ions. Meanwhile, the desiccated collagen at 0.0025% and 0.005% 
tended to produce relatively higher cell concentrations in combination with Mditional 
250pM calcium or without any additional calcium (OpM).
The results in Figure 4.2a show the effects of different concentrations o f soluble and 
desiccated collagen on the metabolic activity of cells after four days o f culture, as 
determined by the MTT assay. The results suggest that there was no significant 
different of the metabolic activities between cells treated with soluble or desiccated 
collagen at 0.001% with or without calcium addition. However at higher 
concentrations of calcium, the addition of collagen seems to enhance the metabolic 
activity o f the cells. When the level o f the optical densities obtained from MTT assay 
were converted to cell concentrations, based on its linear relationship described in 
Section 3.3, it can be seen that the cell concentration values were higher than the 
manually counted cell concentrations (Figure 4.2b). Such differences might be due to 
the difference of the day o f cell sampling, in which the linear relationship was 
obtained from cells on their logarithmic phase, on the third day of incubation.
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Figure 4.1: The production of HeLa S3 cells on the 4* day of incubation as the results 
of the addition of different concentrations of collagen (a) without calcium (OpM), 
combined with (b) 250pM, (c) 500pM and (d) 750pM calcium. Bars represent 
standard errors, n=3.
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Figure 4.2a : The optical density values at 570nm/630nm from the MTT assay on the
4*** day of incubation as the results of the addition of different concentrations of 
collagen (a) without additional calcium (OpM), combined with (b) 250 pM, (c) 500 
pM and (d) 750 pM calcium. Bars represent standard errors, n=3.
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Figure 4.2b : The conversion of the OD values from MTT assay to determine the cell 
concentration of HeLa S3 cells based on the relationship of y=0.0702x -  0.1337. Bars 
represent standard errors, n=3. * Calculated cell concentration.
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In contrast, the MTT assay in this experiment was carried out on the fourth day of 
incubation. Such results might also indicate that the MTT assay did not directly 
reflect the cell concentration except for cells which were in their logarithmic phase. 
However, the MTT assay is still a reliable method, which has been widely used to 
measure the state of metabolic activity of the cells (Al-Rubaei & Spier, 1988). These 
results (cell concentration and MTT assay) also suggest that the optimum growth was 
achieved with the addition 0.0025% desiccated collagen and 750pM calcium.
The effect of co lleen  concentrations greater than 0.0075% were also investigated. It 
was found that desiccated collagen formed fibres, which were attached to the interior 
surfece of the roller bottles so that the cells were entrapped within the fibres. 
Consequently, suspended cell aggregates were decreased. These phenomena posed a 
problem for the ejqperiment since the cells grew as a stationary culture in the bottle and 
did not formed aggregates. Hence, collagen concentrations greater than 0.0075% were 
not used in the remaining experiments.
4.2.1 Determination of aggregate size distribution using an image analyser
The aggregate size distribution of HeLa S3 cells from the optimisation o f the calcium 
and collagen concentrations were determined using an image analyser. The analyses 
were carried out using the photographs of the aggregates taken on the fourth day of 
incubation as described in Section 2.13.1. The determination of the aggregate sizes 
was based on the area measurements within a range of defined areas. The aggregates 
were then counted and the numbers of aggregates within each defined area (indicated 
in pm^) were recorded. The analysis was done twice on the HeLa S3 cell aggregates 
derived from the variation of calcium and collagen experiments, in which at least 1 0 0  
aggregates were counted from each treatment. The results of the analysis were finally 
presented in a form of bar charts. The average percentage of aggregate formation 
within each range of defined area was calculated in relation to the total number of 
aggregates. To simplify the data, the area unit (pm^) was converted into the diameter
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unit (pm) by calculation. With the assumption that the aggregates were spherical in 
shape and two dimensions as digitised images, the area of the aggregates was 
calculated using the following formula, from which the diameter was obtained:
Area = 7cr , where r = radius of the aggregate.
The size distribution of aggregates with different added concentrations of calcium and 
collagen are shown in Figure 4.3a. It can be seen that without any additional calcium 
(OpM), lower concentrations o f soluble and desiccated collagen (0.001%) resulted in 
aggregate formation with diameters of less than 100pm. As the collagen 
concentration increased, the average percentage of aggregate formation in the range 
greater than 100pm diameter also increased. Meanwhile, when calcium additions 
were increased from 250pM to 750pM, the results showed that the number of 
aggregates with a size greater than 1 0 0 pm diameter also increased.
However when soluble and desiccated collagen treatments were compared, it could be 
seen that relatively lower percentage o f aggregates within the range o f below 50pm 
diameter were formed by the desiccated collagen addition. Also, the percentage of 
aggregates with diameters greater than 50pm were higher with the desiccated collagen 
compared with the soluble collagen additions. The addition of desiccated collagen 
resulted in aggregate formation with diameters above 51pm and the percentage 
increased as the calcium concentration increased. However these results were not 
observed when soluble collagen was used. With soluble collagen treatments, the 
percentage of smaller aggregates were decreased and the aggregates 'with diameters 
between 50-100pm were increased.
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Figure 4.3a: Size distribution of HeLa S3 cell aggregates obtained following 
treatments with different concentrations of calcium and collagen measured by image 
analyser.
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When the formation of aggregates with diameters >100pm was compared between 
soluble and desiccated collagens, the result was presented in Figure 4.3b. It can be 
seen that the percentage of aggregates formed was relatively higher by using the 
desiccated collagen. Ten out of fourteen treatments showed more aggregates with 
diameters > 1 0 0 pm were formed from desiccated collagen treatments compared with 
the soluble collagen. Even though there was no specific trend in the formation of 
aggregates in relation to the increment of added calcium and collagen concentrations, 
the results showed that the maximum or highest percentage of aggregate formation 
was achieved from the addition o f 750pM calcium and 0.0025% desiccated collagen. 
These findings were concurred with the observation of cell growth, which also showed 
that the maximum growth of HeLa S3 cells was obtained from similar calcium- 
collagen combination.
4.3: Relationship between the assigned visual scores and aggregate distribution 
measurements
The aggregate formation from HeLa S3 cells with the addition o f variable 
concentrations of collagen and calcium were assigned scores of 1+, 2+, 3+ and 4+ 
depending on the relative size of the aggregates. Scores were assigned based on the 
comparison of the aggregate formation with the negative control treatment (i.e. 
without the addition of any collagen or calcium), as observed by using the phase- 
contrast microscope. To ensure that the visual observation was reliable, the scores 
given to each treatment were compared with the area distribution measurements 
obtained from the image analyses. The correlation between the visual scoring and the 
image analysis measurements was determined by comparing only the percentage of 
aggregate formation with a diameter greater than 100pm amongst the 32 treatments. 
The average percentage of the aggregate formation from the treatments classified 
within each score was then calculated.
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Figure 4.3b: Comparison of the ratio of the formation of aggregates with diameter 
> 1 0 0 pm between soluble and desiccated collagen.
The results in Figure 4.4 show that as the score increased from 1+ to 4+, the average 
percentage of the aggregate formation of > 100pm also increased. The results
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indicated that there was a linear correlation between the subjectively assigned scores 
for aggregate formation and the average % area calculated by image analysis. The 
correlation coefficient, r=0.992 indicated a highly significant correlation at p< 0.1%. 
This result suggested that the assigned visual score was a reliable method for use as a 
qualitative measurement of aggregate formation.
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Aggregate visual score
Figure 4.4: The relationship between the assigned visual scores of aggregates and the 
size distribution measurement using the image analyser. Bars represent standard 
errors, n(l+)= 5, n(2+)= 6 , n(3+)= 11, n(4+)= 9.
4.4 The effect of the aggregate formation on growth of HeLa S3 cells
The cell growth was determined by the measurement of the growth parameters such as 
the cell concentration, percentage of cell viability and the optical density values 
obtained from the MTT assays. These parameters were taken on the fourth day of 
each experiment where the cells were at the end of their logarithmic growth phase. 
The effect of aggregate formation on HeLa S3 growth was assessed by assigning an 
aggregate score for each treatment. Then, for each treatment with the same score the 
following growth parameters were measured {cell concentration and viability via cell
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nuclei staining (Section 2.10.1.2) and MTT assay} and the mean values were plotted 
versus aggregate score as shown in Figure 4.5.
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Figure 4.5 : t he etlect of aggregate formation on (a) the viable cell concentration 
production, (b) percentage of cell viability and (c) optical density value obtained from 
the MTT assay of the HeLa S3 cells. Bars represent standard errors, n(l+)=5, 
n(2+)=6, n(3+)=ll, n(4+)= 9.
The results in Figure 4.5a show that there was a small increase of the cell 
concentration as the aggregate formation increased. The increase of the aggregate 
formation had no detectable effects on either cell viability (Figure 4.5b) or the
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metabolic activity (Figure 4.5c). It can be seen that the measured parameters remained 
at about the same level as the aggregate formation increased. These results indicated 
that HeLa cell S3 aggregate formation did not impair cell viability or metabolic 
activity. There were also no significant differences between the results obtained from 
the soluble and the desiccated collagen treatments, indicating that the type of collagen 
used did not adversely affect cell yield and viability.
4.5: Determination of nutrient gradients on HeLa S3 cell aggregates
The changes o f nutrient concentration in a culture such as the carbon source and other 
cell growth requirements were measured as an indicator of the nutrient gradient in a 
particular system. These include the cell growth parameters such as the cell 
concentration, substrate utilisation particularly glucose as well as cell products (e.g. 
viruses, enzymes and antibodies) and by-products (e.g. lactate). Simultaneously, the 
cell growth also reflected the status o f physiological activity within the cell aggregates 
in which a physiologically active gradient = nutrient gradient in such system. As the 
size of the aggregates increased, the physiological effects on cell growth were also 
expected which can be observed through the measured parameters. Such 
measurements can be used on determining the nutrient gradients among a population 
of aggregates with different sizes or can be made on a particular cell aggregate. This 
approach has therefore regarded the cell growth as a function o f nutrient gradients in 
the aggregate system.
The determination of nutrient gradients in the HeLa S3 aggregates was carried out in 
two ways. First, indirectly by manipulating the data from the image analyses where 
the aggregates’ size distribution was determined and this was compared with the cell 
growth measurements. Secondly, by direct observation where the viable cells were 
stained using fluorescence dyes aided with a confocal microscope as well as the MTT 
staining to determine the state of metabolic activity within particular aggregates.
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4.5.1 Cell growth measurements as a function of nutrient gradients
The nutrient gradients within the HeLa cell aggregates were determined by measuring 
the cells’ growth as the function of nutrient gradient of the cell aggregate formation. 
In this investigation, the changes of the growth parameters were determined as the 
percentage of aggregate formation increased. The growth parameters were the cell 
concentrations, cell viability and the optical density values from the MTT assay o f the 
cell samples, which were taken on the fourth day of incubation. These parameters 
were then plotted against the aggregate size measurements as determined by the image 
analyser. The following procedure was used to classify the aggregates formed into a 
size distribution. Those aggregates with diameter greater than 100 pm, formed as a 
result of the treatment described in Section 4.2.1 were placed into the following size 
categories, <5%, 5-10%, 10-15%, 15-20%, 20-30% or >30%. The cell growth 
parameters were then determined for the aggregates in each size categor>\
The nutrient gradient of aggregate formation after the addition of calcium and collagen 
are shown in Figure 4.6. The linear regression lines were plotted through the scattered 
points to determine the nutrient gradient patterns. The positive slope indicated that the 
cell concentration tended to increase as the aggregate formation increased (Figure 
4.6a). This was confirmed by the calculated correlation coefBcient, r = 0.478 which 
was significant at p<l%. Figure 4.6b shows that the increase in aggregate sizes did 
not affect the cell viability where it may be seen that the percentage o f cell viability 
remained stable above 90%. In fact, according to the r = 0.470, it showed that there 
was a significant increase of the cell viability at p<l%  from the horizontal line. 
Similar results were also found with the MTT assay where a positive slope o f the fitted 
line indicated that the metabolic activity o f the cell population within the aggregates 
increased with the increase of the aggregate formation (Figure 4.6c). The r=0.548 was 
also confirmed that there was a significant increase o f the metabolic activity at p<l%. 
These results suggested that the formation of aggregates did not adversely affect the 
growth or viability o f HeLa S3. They also indicated that the nutrient gradients existed 
within the aggregate system supported the cell growth and metabolism.
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Figure 4.6: The nutrient gradients of HeLa S3 cell aggregates as indicated by (a) cell 
concentration gradient, (b) percentage of cell viability gradient and (c) optical density 
value gradient from the MTT assay, as the results of the addition of calcium and 
collagen. Bars represent standard errors; n(<5%)=12, n(5-10%)=9, n(10-15%)=4, 
n(15-20%)=3, n(20-30)=2, n(>30%)=2.
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4.5.2 The determination of HeLa cell aggregate viability gradient using 
fluorescent staining and a confocal microscope
A confocal microscope was used to investigate the viability of HeLa S3 cells within 
the aggregates. The confocal microscope has the ability to “optically section” the 
aggregate sample without physically sectioning it as explained in Section 2.16. The 
interior parts of the aggregate can be observed with the application o f the fluorescent 
dyes, FDA and PI as described in Section 2.15. As a result of the staining, viable cells 
fluoresced green and the dead cells fluoresced red when illuminated by the UV light o f 
the epifluorescence microscope or an argon laser (wavelength 488nm) used for 
scanning in the confocal microscope. Before the scanning was effected, the 
aggregates were observed by UV illumination to ensure that the cells were properly 
stained and to choose the particular aggregate for the scanning. Then, the UV light 
was substituted with the argon laser for the scanning process. Samples o f aggregates 
were scanned and optically sectioned by 20-25pm plane and the images were 
displayed on a monitor. Each image plane contained the visualised distribution of the 
live and dead cells at a known depth inside the aggregate.
Figure 4.7 show the micrographs of the optical sections through the HeLa S3 
aggregates on the fourth day of incubation. The cell aggregates formed in the absence 
of calcium and collagen showed a relatively loose and smaller structure than the 
aggregate formed in the presence of calcium and collagen treatment (Figure 4.8). 
There were no dead cells detected within the aggregate but such cells were found 
distributed in the media around the viable cell aggregates.
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Figure 4.7: Optical sections at 40pm, 120pm and 200pm planes of HeLa S3 aggregate 
using a confocal microscope, on the third day of incubation without the addition of 
calcium and collagen. The light areas indicate the fluoresced cells via FDA staining 
whereas the dark areas are the backgrounds. No dead cells were found via the PI 
staining.
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Figure 4.8 : Optical sections at 50pm, 100pm and 150pm planes of HeLa S3
aggregate using a confocal microscope, obtained from the addition of calcium and 
collagen into the eulture media. The light areas indicate the fluoresced cells via FDA 
staining whereas the dark areas are the backgrounds. No dead cells were found via the 
PI staining. The images show bigger and tighter packed aggregate compared with the 
aggregate previously shown in Figure 4.7.
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In order to investigate the susceptibility to necrosis of cells within aggregates, a HeLa 
S3 culture was inoculated with polio virus on the third day o f incubation. 24 hours after 
infection, the cell aggregates were subjected to the fluorescent staining and observed 
under the confocal microscope. Figure 4.9 shows that the infected cells were stained 
by the PI and less viable cells were observed stained by the FDA. There was no 
specific gradient of infection seen and the infected cells were distributed widely within 
the aggregate. This phenomenon might be due to the loosely packed aggregation, 
which enabled the virus infection to spread efficiently within the aggregates.
4.5.3 An attempt to determine the metabolic activity gradient by MTT staining
An attempt was made to stain the HeLa S3 aggregate with the MTT stain. Based on 
the principle that the MTT is cleaved by the dehydrogenase enzymes in viable cells, 
the experiment was designed to test whether the intensity of the purple formazan 
product could be used to indicate a variable level of metabolic activity o f the cells 
within the aggregate. The staining was carried out as described in Section 2.10.2 as 
for the MTT assay, except a larger amount of MTT was used. 50pl of the MTT stock 
solution was added into 5 ml of sample containing HeLa S3 cell aggregates. These 
were then incubated in the 37°C hot room for 3 hours for the reaction to take place.
Figure 4.10 shows that there was a formation o f purple formazan crystal as the product 
of the reaction between the MTT and the dehydrogenase enzymes. When observed 
under the phase contrast microscope, the formazan crystals were seen as spiky crystals 
around the aggregates. At this stage it was not possible to observe the metabolic 
gradient using the confocal microscope because the blue formazan accumulated on the 
aggregate surface and occluded viewing the interior of the aggregate.
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Figure 4.9: Fluorescence stained of (a) HeLa S3 aggregate formed as a result of 
calcium and collagen addition on the third day of incubation and (b) polio virus 
infected HeLa S3 aggregates observed 24 hours after inoeulation, using a confocal 
microscope. The dead cells were evenly distributed within the aggregates. The viable 
cells were stained green (FDA) while the dead eells were stained orange (PI).
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Figure 4.10: Formation of purple formazan crystals (shown as black area) on the 
aggregate after incubating cells with MTT for 3 hours at 37°C.
4.6 The production of poliovirus from HeLa S3 cell aggregates
HeLa S3 cell aggregates were induced by adding 750pM calcium and 0.0025% 
desiccated collagen into the culture media whieh already contained 423 pM calcium, as 
these concentrations were shown to be the optimum condition in previous experiment 
to produced maximum cell aggregation and cell concentration (refer Section 4.2). The 
production of a biological product fi"om the cell aggregates was demonstrated using 
poliovirus type-1 because HeLa S3 cells have been reported as being susceptible to this 
virus. Comparisons were also made for the virus production in cultures with added 
collagen or calcium alone, as well as a negative control culture (without any addition 
of calcium or collagen).
The experiment was carried out by growing the cells with an initial concentration of
2.5 X 10  ^ eells/ml in the roller bottles in the 37°C hot room by continuous rolling of 
the bottle at 3rpm. The aggregate size measurements were carried on each culture 
with different calcium and collagen treatments using a reticule and a micrometer. The
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with different calcium and collagen treatments using a reticule and a micrometer. The 
cells were infected with poliovirus on the third day o f incubation at the level of 
O.lpfu/cell (the multiplicity of infection or MOI) using the virus stock o f 4.5 x 10  ^
pfii/ml. The MOI was defined as the ratio of virus to a single cell and calculated by 
the following equation :
Volume of viral inoculum = ( A x B  xC  I
D
where, A = cell concentration/ml
B = culture working volume = 100ml
C = the MOI required = O.lpfu/cell
D = the titre o f the virus stock = 4.5 x lO^pfu/ml
The culture samples were taken at 24 hour intervals for the determination of the cell 
growth. Samples were also taken for the qualitative measurements of virus 
concentration via the plaque assay (Section 2.12.1).
4.6.1 The effect of calcium and collagen on the growth of HeLa S3 cell aggregates 
infected with poliovirus type- 1
The results shown in Figure 4.11a indicated that a maximum cell concentration was 
obtained from culture with the combination o f added calcium and collagen on the 
fourth day of incubation. It was also shown that even though the virus was inoculated 
on the third day of incubation, the infected cells still carried on proliferating until the 
fourth day, then the cell numbers drastically dropped on the fifth day. The infection of 
poliovirus more severely affected the culture with collagen addition as shown by the 
drop of cell viability in Figure 4.1 lb, compared with the negative control and the
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Figure 4.11: The effect o f  calcium and collagen addition on the growth o f  HeLa S3 
cell aggregates infected with poliovirus type-1 as demonstrated by (a) cell 
concentration, (b) percentage o f  cell viability, (c) MTT assay, (d) D-glucose 
consumption and (e) L-lactate production. Bars represent standard errors, n=3.
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culture with only calcium addition. A similar phenomenon was also observed in the 
MTT assay in which the optical density values were significantly decreased in the 
culture with the collagen addition (Figure 4.11c).
As can be seen in Figure 4.1 Id that the culture with the combination o f calcium and 
collagen addition used the least glucose, followed by the collagen only addition. 
Meanwhile the negative control and the calcium added cultures showed the highest 
glucose consumption. In contrast, the highest L-lactate production was obtained from 
the negative control culture and the lowest lactate production was measured from the 
calcium and collagen combination culture (Figure 4.1 le). For both D-glucose and L- 
lactate measurements, it can be seen that the glucose utilisation and lactate production 
became almost stagnant after virus inoculation on the third day of incubation.
The measurements o f the cell aggregates to investigate the results of the addition of 
the selected concentration combination of calcium and collagen were presented in 
Table 4.1. Twenty aggregates were randomly measured and the average size o f the 
aggregates’ diameter was calculated. The highest average aggregate diameter was 
obtained from the calcium and collagen combination treatment which induced an 
about 200 ± 59.4pm diameter of aggregates, followed by individually added collagen. 
Even though the individually added calcium exhibited a higher average size o f 
aggregates than the control treatment, which contained neither co lleen  nor calcium, 
the difference was almost insignificant.
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Table 4.1 : Aggregate formation of HeLa S3 cells before inoculation with poliovirus 
type-1 in different formulations of culture media (n=20; ±SE)
Medium formulation Average diameter size of 
aggregate (pm)
Control, without additional 
calcium or collagen
92 ± 4.5
750pM calcium only 106 ± 6 .2
0.0025% collagen only 169 ± 11.5
Combination of 75 OpM 
calcium and 0.0025%collagen
200 ± 13.2
4.6.2 The effect of calcium and collagen on the production of poliovirus type 1 
from HeLa S3 cell aggregates
The production of poliovirus from HeLa S3 cell aggregates treated with calcium and 
collagen was measured qualitatively using the virus plaque assay. The virus 
production was sampled starting on the fourth day of incubation, which was 24 hours 
after viral inoculation. The results in Figure 4.12 indicated that the highest virus 
production (around 25-40 x 10  ^ pfu/ml) was obtained from the HeLa cell aggregate 
culture "svith calcium and collagen addition. There were no significant differences 
between the production levels on the fifth and the sixth day o f incubation. The 
differences in poliovirus production from different treatments of calcium and collagen 
were also seen as associated with the results of different size o f aggregates, which 
have been induced.
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The highest titre of virus production was obtained from the biggest average diameter 
size of aggregates. These results indicated that the formation of cell aggregates had 
successfully increased poHovirus production from HeLa S3 cells.
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Figure 4.12: Poliovirus type-1 production from HeLa S3 cell aggregates induced by 
the addition of 500 pM calcium and 0.025% desiccated collagen. Bars represent the 
standard errors, n=3.
4.6.3 Comparison of poliovirus production in stirred flask and roller bottle 
cultures
Comparisons of poliovirus production in different types of culture vessels were carried 
out by growing HeLa S3 cell aggregates in roller bottles and stirred flasks. The roller 
speed of the roller bottle was 3rpm whereas the stirrer speed for the stirred flask was 
set at 50rpm. The initial cell concentration was 2.5 x 10^  cells/ml and both of the 
vessels were incubated in the 37°C hot room. The measurement of aggregates sizes in 
both of the culture systems were taken before being inoculated with poliovirus on the 
third day of incubation. Sampling was carried out at 24 intervals for the determination 
of cell concentration and the MTT assay. The total glucose consumption and lactate 
production were analysed at the end of the sixth day experiment and the efficiency of 
glucose utilisation was calculated from the ratio of lactate production over glucose 
consumption. Samples were also taken for the plaque assay to determine the
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quantitative concentration of the virus production starting on the fourth day of 
incubation.
The result in Figure 4.13a shows that higher cell concentrations were obtained from 
the roller bottle culture compared with the stirred culture. A similar situation was also 
observed in the MTT assay (Figure 4.13b). Both analyses showed that drastic drops of 
the cell concentration and optical density values occurred on the fifth day of 
incubation, which was 48 hours after viral infection. A higher glucose consumption 
was detected in the stirred fiask culture compared with the roller bottle culture, 
whereas not much difference was shown in the lactate production (Figure 4.13c). 
However there was a significant difference in the efficiency o f glucose utilisation 
between the two types of culture vessels, which suggested that the cell aggregates in 
the stirred flask have utilised glucose more efficiently. Even though the aggregate 
formation showed that the average diameter size of aggregates in the stirred fiask was 
slightly smaller than aggregates in the roller bottle, but the difference was not 
significant (Table 4.2).
Meanwhile, according to the plaque assay, a significantly higher concentration o f virus 
was produced from the cell aggregates grown in the roller bottle compared with the 
cells grown in the stirred flask (Figure 4,14). The plaque assay also showed that there 
was no significant difference between the assay on the fifth and the sixth day o f 
incubation. The addition of calcium and collagen, together with the formation of 
aggregates had encouraged polio virus production in the roller bottle. The formation of 
aggregates had apparently played an important role in increasing the polio virus 
production. These results suggested that the roller bottle was the more suitable culture 
vessel for the propagation of polio virus.
154
CHAPTER4 NUTRIENT GRADIENTS IN HeLa S3
a. cell c o n c e n tr a t io n
14
12
if)'
i
I
I —  R o lle r b o t t le
* —  S tirred  flask
1 2 3 4 5
Incubation tim e (day)
b. M T T  assay
0.6  -
0.4 =r
250
2 3 4
Incubation tim e (day)
c. a n a ly se s  o f  D -g lucose  a n d  L - la c ta te
13 c 0 200 1
1  ■§ !0. 3
® 1 150 t
1  S a 1
2 8 3  100 T MU
P % z
i S -s 50 1g S T3
a  ^  § '
0
T 0.6
-  0.5
■0.4
4 0.3 
1 0.2 
j  0.1
4 0
glu  c o n su m e  R o lle r b o t t le  S tirre d  fla sk
glu  e ff ic ie n c y  Type o f  culture vessel
Figure 4.13 : Comparison of polio virus production in HeLa S3 cell aggregates grown 
in roller bottles and stirred flasks as shown in the determination of (a) cell 
concentration, (b)MTT assay and (c) D-glucose and L-lactate analyses. Bars represent 
the standard errors, n=3.
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Table 4.2: Aggregate formation of HeLa S3 in stirred flask and roller bottle, measured 
on the third day of incubation before inoculated with Polio virus type-1 (n=20, ±SE)
Culture vessel system Average diameter size of 
aggregate (pm)
Stirred flask, stirring at SOrpm 220 ± 7.2
Roller bottle, revolving at 15rpm 255 ± 13.1
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Figure 4.14: Comparison of polio virus production in HeLa S3 aggregates grown in 
roller bottles and stirred flasks. Bars represent the standard errors, n=3.
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4.7 Discussion
The investigation of nutrient gradients in HeLa S3 cell aggregates was carried out 
through the application of various concentrations of calcium and collagen in the 
culture media. The nutrient gradients were determined by manipulation o f the growth 
parameters followed by direct observation using the confocal microscope.
4.7.1 Variation of calcium and collagen concentration on the growth of HeLa S3  
cells
Various calcium and collagen concentrations of the culture media were examined to 
determined the most suitable combination for aggregate formation in HeLa S3 cells. 
At the same time, the effect of these variations on cell growth was also evaluated, by 
cell counting and the MTT assay of the cultures. Both of the growth measurements 
were carried out on the fourth day of incubation because the maximum values o f the 
growth parameters were discovered on this day o f incubation, particularly where cell 
aggregates were concerned, as shown in Section 3.11.3. It is important to determine 
the optimum concentration of calcium in the culture because o f its role in cell 
attachment. Despite playing an important fimction to stabilise the receptor for cell 
attachment (Mattey et al., 1990); too much calcium in the culture might produce a 
toxic effect which could reduce the cells viability (Peshwa et al., 1993). On the other 
hand, the variation o f collagen concentration was carried out as an attempt to control 
the aggregate size as well as to minimise the amount added due to its high cost. This 
is according to Litwin (1992) who suggested that the manipulation o f the composition 
of the culture media might be one of the alternatives to avoid the formation o f necrotic 
areas within large cell aggregates due to nutrient insufficiency.
Generally, the application of desiccated collagen resulted in higher cell concentrations 
when combined with a low calcium concentration (OpM and 250pM calcium addition) 
compared with soluble collagen. In contrast, the soluble collagen produced higher cell
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concentrations when combined with higher calcium addition (500pM and 750pM). 
This characteristic might be due to the preparation differences between both of 
coUagens as discussed in Section 3.11.9. It was also more economical to use the 
desiccated type of collagen as the induction of relatively bigger aggregates used less 
collagen (mg/ml) when compared with soluble collagen.
The addition of calcium and collagen in various concentrations did not specifically 
affect the cell growth, either in the production o f cell concentration or in its metabolic 
activity. The variation of calcium and collagen combinations tested on the HeLa S3 
cell line showed that there was a particular concentration, which promoted maximum 
cell growth. This concentration which consisted of 750pM calcium and 0.0025% 
collagen was also the most suitable combination to induce the highest degree of cell 
aggregation. Such a combination was used in further studies of the HeLa S3 cells.
4.7.2 The effect of various calcium and collagen concentrations on the size 
distribution of HeLa S3  aggregates
The HeLa S3 aggregates formed as a result of the addition of various combinations of 
calcium and collagen were analysed using an image analyser to determine the size 
distribution o f the aggregates. The application o f an image analyser has become 
increasingly popular as one of the quantitative methods in microbial culture system 
(Packer et al., 1992), evaluation of the morphological changes of the culture 
(Vanhoutte et al., 1995) including the determination of population level and cell sizing 
(Vicente et al., 1996).
Only aggregates with diameters over 35 pm were measured because it was found that 
the images with <3 5 pm diameter consisted of only 2 or 3 cells as presented on the 
image analyser’s screen. The application of desiccated collagen resulted in a higher 
percentage of aggregate formation with diameters of > 1 0 1  pm, compared with the
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soluble collagen. The addition of collagen into the cell culture media had obviously 
induced aggregate formation. However, a comparison of the formation o f aggregates 
with diameter > 1 0 0 pm between both collagens showed that desiccated collagen had a 
greater capability to induce a higher percentage of larger aggregates than soluble 
collagen when used at the same concentration.
The reliability of the image analyser method for the size distribution measurement of 
the aggregates was evaluated by comparing its results with the assigned visual scores 
for the formation of aggregates. A linear relationship with a highly significant 
correlation coefficient showed that both of the methods concurred in the determination 
of the aggregate formation, but the image analysis gave quantitative measurement 
while the latter only gave qualitative measurement. The capability o f an image 
analyser to convert qualitative measurements to quantitative parameters had made 
such observations more meaningful. Vicente et al. (1996) also showed that image 
analyser was a technology which facilitated the estimation o f populations o f floes in a 
ûmgal culture.
4.7.3 The effect of aggregate formation on growth of HeLa S3  cells
The gro'wth of HeLa S3 cells in aggregates was observed by comparing their grovyth in 
different treatments of calcium and collagen addition into the culture media. The 
aggregate formation was classified according to its size and then compared with each 
of the growth parameter measured on the fourth day of incubation. The growth of 
HeLa S3 cells was not affected by the formation of aggregates. Different sizes of 
aggregates did not show any significant difference in the cell growth as measured by 
cell concentration and its viability. Meanwhile the metabolic activity o f the cells 
determined via the MTT assay showed a higher level of activity when cells were 
grown in aggregates. These findings coincided with Moreira et a l (1985) who 
reported that the formation of aggregates did not have any negative effect on cell 
growth as long as the aggregate size was controlled to prevent the formation o f a
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necrotic area within the aggregates. As shown in Section 4.7.2, calcium and collagen 
addition had become a factor in controlling the aggregates’ size. The best 
combinations o f calcium and collagen added into the culture media was the optimum 
concentration to induce the biggest size of HeLa S3 aggregates, as well as producing 
the highest cell viability. In this particular case, 750pM calcium and 0.025% 
desiccated collagen additions had been considered as the optimum combination 
concentration for the formation of aggregates in HeLa S3 cells and therefore had been 
used in future investigations.
4.7.4 Nutrient gradients in HeLa S3 cell aggregates
The nutrient gradients in HeLa S3 aggregates were determined in two ways: (1) 
Indirectly by analysing the cell growth parameters in relation to the percentage of 
aggregates with diameters > 1 0 0 pm obtained from the estimation of size distribution of 
the aggregates by using an image analyser. In this indirect method, the nutrient 
gradient was reflected by the state of the cell physiology, which also reflected the 
physiologically active gradient of the cells within the aggregates. (2) Directly by cell 
staining together with the application of a confocal microscope by which the 
aggregates were ‘optically sectioned’.
The nutrient gradients in HeLa S3 aggregates showed positive effects on the cell 
growth. This phenomena were shown by the positive slopes obtained from the 
measurement of cell concentration, viability and the MTT assay o f the cell at different 
ranges of aggregates sizes (Figure 4.6). Even though the formation of HeLa S3 
aggregates was considered small (the biggest aggregates were about 1 0 0 -2 0 0 pm 
diameter size), the findings showed a significant increase of the cell growth and 
metabolic activities. Higher cell growth and metabolic activity were achieved by 
cultures with higher percentage of cell aggregates with diameter above 1 0 0 pm, 
indicating that aggregate formation in HeLa S3 had an important role in improving the
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culture system. The treatment of calcium and collagen additions (discussed in Section 
4.7.3) had apparently controlled the aggregate formation demonstrated by the different 
size populations of aggregates induced by different concentration combinations.
Direct measurements of nutrient gradients were carried out on randomly selected 
aggregates from control cultures (without additional calcium and collagen) and the 
optimum calcium and collagen culture (750pM calcium and 0.025% collagen added). 
The nutrient gradients were determined by staining the cell aggregate with FDA and 
PI where only physiologically active cells were capable of hydrolysing the FDA using 
the esterase enzyme activity in the cytoplasm (Rotman & Papermaster, 1966). 
Meanwhile, the PI intercalated between the base pairs of double stranded DNA of 
damaged cells. Both reactions subsequently produced a highly fluorescent image 
when illuminated with UV light, which therefore distinguished the active and dead 
cells.
The pattern of cell viability gradients was observed using a confocal microscope, 
which enabled an optical section of a selected aggregate to be examined at different 
depths of sectioning. The cell aggregates, which were formed without any additional 
calcium or collagen exhibited loose aggregation compared with the aggregates from 
cultures treated with added calcium and collagen, which were closely packed. Both 
aggregates were highly viable when examined on the third and fourth day of 
incubation where dead cells (showed as red images) were hardly found vHthin the 
aggregates. No specific viability gradient was observed within the aggregate 
throughout the incubation period of the culture. However at the later stage of 
incubation (on the fifth and sixth days) increasing amounts of dead cells stained red by 
the PI were discovered distributed in the culture media. Because of the relatively 
loose cell aggregation, the dead cells were not trapped within the cell aggregate but 
instead, released into the surrounding media leaving the viable cells to remain 
aggregated with the aggregate becoming smaller in size.
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The infection of the HeLa cell aggregates with Poliovirus also indicated that there was 
no viability gradient within the cell aggregates. This was shown by the vride 
distribution of virus infection throughout the cell aggregate without any sign of a 
segregated degree of infection which might be observed if the infectivity gradient 
were detected within the aggregate. Such phenomenon contradicted McCullough and 
Spier (1990) who postulated that the formation of cell aggregates might restrict virus 
spreading. Apparently, this was not the case in HeLa S3 aggregates where the 
distribution of poliovirus might be enhanced by the formation of loose aggregates and 
therefore fecilitated the virus infection. This evidence has yet to be confirmed by a 
comparison of different types of culture system set up for aggregate formation and 
virus production.
4.7.5 Production of poliovirus from HeLa S3 cell aggregates
The induction of HeLa S3 aggregates was achieved by the addition of 750pM calcium 
combined with 0.025% collagen into the cell culture media. The results showed that 
HeLa S3 cells formed aggregates, which normally exhibited monodisperse suspended 
cells or clusters when grown in roller bottles, rolling at 3rpm. The effect of cell 
aggregation on biological productivity was evaluated by infecting the HeLa S3 cell 
aggregates with poliovirus on the third day of incubation, where the cells were in the 
logarithmic phase and the infection would usually be maximal if inoculated on such a 
day (Mahy, 1985).
HeLa S3 cells were induced to form aggregates by the addition of 750pM calcium and 
0.025% collagen into the culture media, which has been identified as the optimum 
concentration combination. The maximum aggregate formation in terms of the 
aggregate size as well as the cell growth has been discussed in Section 4.7.3. Since 
the addition o f calcium and collagen alone in culture media were capable o f inducing 
cell aggregation, studies had also been carried out to determine their effects on the
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poliovirus production. After the viral inoculation, the cell growth progressed as the 
control until the fourth day of incubation. After this time, the cell growth reduced 
drastically, as observed by the determination o f cell concentration, cell viability and its 
metabolic activity. Glucose was hardly utilised after poliovirus infection while, by 
contrast, lactate was continuously released by the cells, which increased the lactate 
level in the culture media. Such phenomena were seen as the indication of cell 
disruption, as a result o f poliovirus infection (Minor, 1985). As the incubation time 
reached the fifth day, there was a total cell disruption where no viable or uninfected 
cells were found left and therefore the determination of cell concentration, viability 
and MTT assay were not possible. There were also no changes in glucose and lactate 
concentration because the cell growth had completely terminated due to cell lysis.
The cell aggregates Jfrom cultures with calcium and collagen combination treatments 
showed distinct cell disruption compared with the negative control and calcium added 
culture. The addition of collagen vrith or without calcium enhanced cell aggregation 
as well as boosting up poliovirus production fi'om HeLa S3 cells. However the 
combination of both calcium and collagen had produced the highest end product 
concentration of poliovirus.
4.7.5.1 A comparison of poliovirus production in roller bottle and stirred flask 
cultures
The effect of different types of culture system for poliovirus production was compared 
by using a roller bottle and a stirred fiask. Since roller bottles have been shown to be 
the most suitable system for the induction of HeLa S3 cell aggregates (refer Section
3.4 and Section 3.11.3), it has been used throughout these studies. However, a 
comparison was made with the stirred system because, such a system has been 
considered to be the most popular and scaleable for animal cell growth (Griffith, 
1988).
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The cells in both types of culture vessel were treated with additional calcium and 
collagen to induce aggregate formation, and inoculated with poliovirus on the third 
day of incubation. A higher cell growth rate was found when roller bottle was used as 
compared to the cells in the stirred flask. Even though both cultures have the same 
amount of calcium and collagen addition, a relatively larger size o f aggregates was 
produced in the roller bottle. The SOrpm stirring speed of the stirred flask was the 
minimal speed that can be used to prevent cell aggregates from settling at the bottom 
of the flask. The stirring mechanism had obviously affected the cell aggregation by 
reducing the aggregate size formation even though a similar treatment was given to 
cells in roller bottle. On the other hand, the slow revolving speed o f the roller bottle 
was sufficient to fecilitate the cells growing in aggregates. The cell growth 
measurements had also indicated that better cell growth was produced using roller 
bottle system con^ared with the stirred system.
The difference in aggregate formation also affected poliovirus production, which 
showed that a higher concentration of virus was produced from roller bottle cultures. 
This evidence suggested that there was an apparent relationship between cell 
aggregation, growth and productivity. The variation of aggregate size had 
significantly affected poliovirus production, which in this case, showed that bigger 
aggregates size (from roller bottle culture) produced a higher concentration o f virus 
compared to the relatively smaller aggregates (from the stirred flask). These findings 
also indicated that cell aggregation had the potential to enhance cell productivity, 
which can be applied directly to poliovirus production from HeLa S3 cell aggregates.
4.8 Conclusion
The findings in this chapter indicated that calcium and collagen played an important 
role in controlling the formation of HeLa S3 aggregates. Even though they induced 
aggregate formation when applied individually, the evidence showed that a
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combination of calcium and collagen produced greater aggregate formation in term of 
size and percentage o f aggregation. In the measurement of the size distribution of 
aggregates, it was found that a desiccated type of collagen produced a higher 
percentage of aggregate formation compared with the soluble type. The most effective 
combination was at 750pM additional calcium and 0.0025% desiccated collagen, 
which additions have no adverse affect on the cell growth and metabolic activity.
The variation of calcium and collagen additions in HeLa cell cultures resulted in 
various size aggregates, which gave an opportunity to determine the nutrient gradient 
in the aggregates. Indirect measurements of the nutrient gradients o f the aggregates 
showed that the values of cell concentration, viability and metabolic activity increased 
as the percentage of aggregate formation increased. Meanwhile, direct observations 
via fluorescent cell staining and confocal microscopy did not show any gradient within 
HeLa S3 aggregates. When the cells were infected with poliovirus, the highest titre 
was obtained from aggregated cells induced by calcium and collagen in combination. 
This evidence suggests that there was a positive nutrient gradient in the formation of 
HeLa S3 aggregates where cell aggregation apparently promoted the cell growth and 
its productivity.
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5. INVESTIGATION OF NUTRIENT GRADIENTS IN BHK CELL 
AGGREGATES
5.1 Introduction
BHK cells normally exhibit an anchorage dependent behaviour, which requires a 
supporting substratum for the cells to grow and proliferate. The BHK cell line which 
was used in these investigations was a genetically engineered BHK cell which was 
capable of expressing and secreting the alkaline phosphatase enzyme (ALP) and it was 
also adaptable to grow in a suspension system. According to the previous 
investigation on HeLa S3 cells, the addition of calcium and collagen was found to have 
affected the cell growth and aggregate formation (see Chapter 4). Therefore, m these 
studies, the BHK cells were subjected to similar treatments of calcium and collagen 
addition for the investigation of the nutrient gradient within the cell aggregates. 
However, it was also necessary to establish an effective assay for the expressed 
alkaline phosphatase.
5.2 Detection of the alkaline phosphatase enzyme: a product of the genetically 
engineered BHK cells
The alkaline phosphatase enzyme was detected by two techniques, (1) alkaline 
phosphatase assay according to McComb and Bowers (1972) and improved by Berger 
et al. (1988) and, (2) using the alkaline phosphatase diagnostic kit (Sigma Ltd.). 
These methods were compared for their sensitivity and rapidity so that the most 
sensitive and least time consuming technique was selected to be used throughout the 
studies.
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The assay techniques for both assays were described in Section 2.12.2. The assay for 
the former technique was carried out by assaying the samples using a microtitre plate 
in which all the samples were assayed at the same time. Meanwhile the detection of 
the alkaline phosphatase enzyme using the diagnostic kit required that each sample be 
assayed individually. The assays of the standard alkaline phosphatase enzyme 
solution were conducted by doubly diluting the standard enzyme solution with the cell 
culture media by double dilutions to produce 14,14, 1/8, 1/16,1/32, 1/64, 1/128, 1/256 and 0 
dilutions.
The comparison between the two assay techniques is shown in Figure 5.1. The 
amount of the enzyme is presented as the rate of activity per minute in the technique 
according to McComb and Bowers (1972) (Figure 5.1a), and concentration o f enzyme 
in SI Unit/L in the Sigma diagnostic kit (Figure 5.1b), which were converted from the 
rate of absorbance at the 450 nm wavelength. It can be seen that there was a gradual 
reduction of absorbance rate for both of the techniques as the dilution of enzyme 
increased. Both of the techniques showed that the negative controls produced some 
level of absorbance values, which had no significant differences.with some of the 
diluted enzyme standards. The first and highest dilution, which showed a significant 
difference with the control value was taken as the assay titre, the results indicated that 
the titre for the alkaline phosphatase enzyme was 16 in the formerly described 
techniques and respectively, 32 in the latter.
The significance o f these techniques was also evaluated by determining their 
correlation coefficient of the measured parameters. Figure 5.2 shows that the logio of 
the enzyme reaction was plotted against the dilution of the enzyme. The correlation 
coefficient, r = 0.944 (McComb & Bowers, 1972) shows a significant correlation at P< 
1% whereas the r = 0.878 (Sigma kit) shows a highly significant correlation at P< 
0.1%. These results suggest that both techniques were reliable for use in the detection 
of alkaline phosphatase. They also showed that the diagnostic kit was more sensitive 
than the other technique.
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5.3 Comparison of the growth of BHK cells grown in stirred flasks and roller 
bottles
The growth and production o f the BHK cells were compared by growing the cells in 
different cell culture vessels to determine the most suitable system for further 
experiments. The cell propagations were carried out in 250ml capacity stirred flasks 
agitated with 50rpm stirrers and roller bottles operated at 4rpm and ISrpm, with 
working volumes o f 100 ml. The cell growth was determined by measuring the 
glucose consumption of the cultures and the production of the alkaline phosphatase 
enzyme.
The comparison o f the glucose consumption of the BHK cells in different culture 
vessels is shown in Figure 5.3a. The glucose was consumed at the highest rate on the 
first day of incubation and then remained constant until the end o f incubation. It can 
be seen that the BHK cells grown in 4rpm roller bottle was the highest glucose 
consumer, followed by the stirred flask with 50rpm and the least by the cells in the 
15rpm roller bottle. By contrast when the alkaline phosphatase levels were measured, 
the highest enzyme production was detected in the 15rpm roller bottle (Figure 5.3b). 
The enzyme production of the cells in the stirred flask showed the same level of 
production until the third day o f incubation and subsequently dropped on the fourth 
day. The lowest enzyme production was discovered in the 4rpm roller bottle culture.
Different sizes o f aggregates were observed when BHK cells were cultivated in 
different types of culture vessels. Figure 5.4 shows that smaller aggregates were 
obtained in stirred flask agitated at 50rpm. The largest aggregates were discovered 
when BHK cells were grown in 4rpm roller bottle, meanwhile slightly smaller 
aggregates were found in 15rpm roller bottles. However, the results in Figure 5.3 
shows that the largest aggregate culture produced the lowest cell growth. From these 
findings, the aggregate cultures grown in 15rpm roller bottle were chosen as a system 
for the investigation of nutrient gradients in BHK cell aggregates.
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Figure 5.3: Comparison of the (a) glucose consumption and the (b) production of 
alkaline phosphatase enzyme from BHK cells grown in roller bottles at 4rpm and 
15rpm, and stirred flask at 50rpm. Bars represent standard errors, n=3.
5.4 The effect of the variation of calcium and collagen concentrations on BHK 
cells
The nutrient gradients of the BHK cells aggregates were investigated by treating the 
cells with various concentrations of calcium and collagen in combination added to the 
culture media (the same as described in Section 4.2). Only desiccated collagen was
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used in these experiments because it had a more marked effect on the aggregate 
formation o f  HeLa S3 cells when compared with the soluble collagen, as discussed in 
Chapter 4.
Figure 5.4: The formation o f BHK cell aggregates grown in (a) stirred flask agitated 
at SOrpm and roller bottle revolved at (b) 4rpm and (c) 15rpm.
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Different concentrations of calcium and collagen were added to determine the most 
suitable combination to promote maximum BHK cells growth and aggregate 
formation in the suspension culture. The cell growth parameters were analysed from 
the cell concentration measurements on the fourth day o f cell cultivation via nuclei 
staining (Section 2.10.1.2), and the amount o f glucose consumption and lactate 
production of the cell culture on the seventh day of incubation. The amount of 
alkaline phosphatase production (in Unit/L) was also assessed at 24 hour intervals 
during the cell cultivation.
5.4.1 The effect of calcium and collagen on the growth of BHK cells
The effect of calcium and desiccated collagen added at different concentrations on the 
cell concentration of BHK cells is shown in Figure 5.5. The cell concentrations were 
determined by counting the cell nuclei after staining with crystal violet solution 
(Section 2.10.1.2) on the fourth day of incubation. The results show that in the 
absence of calcium addition (0 pM), the addition of collagen at 0.001% and 0.0025% 
did not affect the cell concentration but reduced the cell concentrations as the collagen 
concentration increased to 0.005% and 0.0075%. It can also be seen that the addition 
of calcium at 250 pM did not affect the cell concentration. However the cell yields 
were reduced when the higher concentrations o f 500pM and 750pM calcium were 
added individually. The combination of each collagen concentration with calcium 
showed an improvement in cell production in which the cell concentration increased to 
the same level as the control (without addition of calcium or collagen). It was 
observed that the combination of calcium and collagen addition within 250pM to 
500pM of calcium and 0.0025% to 0.005% of collagen resulted in a relatively higher 
cell concentration compared with the control culture.
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The viability o f the BHK cells during the cell cultivation is shown in Figure 5.6. The 
increment of calcium concentration added into culture media had generally reduced 
the percentage of cell viability compared to the control culture. However the addition 
o f collagen improved the cell viability except at the highest concentration (0.0075%). 
A similar situation was also observed at the highest calcium concentration where the 
percentage of viability dropped to almost below 90%. These findings suggest that the 
cell production and its viability were maintained by the addition o f calcium and 
collagen at the appropriate concentrations.
There were also varied effects of the addition o f calcium and collagen at different 
concentrations on the consumption of D-glucose Jfrom the media (Figure 5.7). It can 
be seen that without the addition of calcium, more than 50% of the glucose was used 
fi’om an initial concentration of200mg/dl. The addition o f 250pM calcium showed no 
obvious effect on the glucose consumption. However the glucose consumption was 
reduced as the additional calcium concentrations were increased to 500pM and the 
reduction became greater at the750pM calcium addition. The highest glucose 
consumption by the BHK cells was seen in the media with the addition o f 0.005% 
collagen without any calcium addition whereas the lowest glucose consumption was 
obtained fi*om the cell culture treated with the addition of 750 pM calcium and 
0.0025% collagen.
As a consequence of the varied levels of glucose consumption, a somewhat similar 
trend of L-lactate production was also obtained. Figure 5.8 shows that the level of the 
L-lactate production increased accordingly with the glucose consumption. The highest 
L-lactate production was found fi*om the cells treated with 0.005% collagen only and 
the lowest lactate was fi’om the combination of 750pM calcium and 0.0025% collagen 
addition.
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The metabolism o f D-glucose to L-lactate was examined for the efficiency o f glucose 
utilisation, which was calculated from the ratio of the L-lactate production (mg/dl) 
over D-glucose consumption (mg/dl). In a situation where 100% of glucose is 
converted to pyruvate and lactate, the efficiency o f glucose consumption value is 1. A 
value less than 1 o f the ratio of lactate produced/glucose consumed indicates that the 
metabolism of glucose has resulted in the production of CO2 and H2O which results in 
an increased production o f ATP molecules, which means a more efficient glucose 
utilisation.
The results in Figure 5.9 shows that the addition of collagen in the absence of calcium 
resulted in an increment of the efficiency o f glucose utilisation except at 0.005% 
collagen, compared with the control (without calcium and collagen addition). 
However when the calcium concentration was increased, the ratio of lactate/glucose 
increased which indicated a decrease in the efficiency of consumed glucose.
5.4.2 The effect of calcium and collagen on the production of alkaline 
phosphatase from genetically engineered BHK cells
The effect of the addition of different concentration of calcium and collagen in the 
culture medium of BHK cells, grown in roller bottles was investigated by analysing 
the culture medium which was sampled at 24 hour intervals during cell cultivation. 
The alkaline phosphatase production from BHK cells was determined by measuring 
the activity o f enzyme in the culture supernatant using the Sigma diagnostic kit.
Results in Figure 5.10 shows the maximum alkaline phosphatase production o f each 
calcium and collagen treatment on BHK cells. The maximum alkaline phosphatase 
was detected either on the third, fourth or the sixth day of incubation. There was a 
difference in the amount of alkaline phosphatase production depending on the 
concentration of the added calcium and collagen. It was observed that at each calcium 
concentration, the highest production was obtained from its combination with 0.005%
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Figure 5.9: The effect of different concentrations of calcium and desiccated collagen 
on the efficiency of glucose utilisation of BHK cells, measured on the seventh day of 
incubation. * the ratio of conversion of glucose to lactate, lactate produced/glucose 
consumed. Bars represent standard error, n=3.
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or 0.0075% collagen concentrations. However the highest enzyme production was 
achieved when the combination o f 500 pM calcium and 0.001% or 0.0075% collagen 
were added into the culture media. The production was about 4 times higher than the 
control culture in which no calcium or collagen was added.
5.4.3 Determination of the size distribution of BHK cell aggregates measured by 
ab image analyser
The size distribution of BHK cell aggregates was measured using an image analyser as 
described in Section 2.14. The aggregate size limits were assigned as 1,000- 
lO.OOOjun ,^ 10,000-25,000nm^ 25,000-50,000nm^ 50,000-254,500nm^ and
>254,500nm . By assuming that all o f the BHK cell aggregates had a spherical shape, 
the diameter of the area limits was calculated to produce a range of diameter limits as 
follows: 35-110pm, lll-180pm , 181-250pm, 251-570pm and >571 pm. Images with 
areas less than lOOOpm  ^ (<35pm diameter) were not considered as aggregates and 
therefore omitted from the aggregate analyses.
The size distribution of the BHK cell aggregates by means of the area measurements is 
shown in Figure 5.11. It can be seen that in each combination of calcium and 
collagen, a relatively high percentage of aggregates were measured with area sizes of 
50,000-254,500 pm^ which were approximately about 250-570pm in diameter. BHK 
cells without any addition of calcium or collagen also formed aggregates when grown 
in a suspension system because of their natural anchorage dependent behaviopr. 
However, as the calcium concentration increased, the percentage of aggregates within 
this range were reduced while the percentage of aggregate in the largest area range 
(<254500 pm^ or <570pm) increased. By contrast, the size of aggregates above 
570pm diameter was reduced at 750pM calcium addition. As can be seen in these 
results that, the addition o f calcium and collagen at different concentrations increased 
the aggregate size compared with the control culture. The combination o f calcium and
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different coneentration of collagen resulted a higher percentage of larger aggregate 
formation particularly at 0.005% and 0.0075% collagen.
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Figure 5.11: Size distribution of BHK cell aggregates analysed by an image analyser, 
obtained following addition of different concentrations of calcium and collagen into 
the culture media.
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5.5 Determination of the nutrient gradient of BHK cell aggregates
The effect of the aggregate formation was analysed from the cell growth parameters, 
which were measured during the investigation. The results from the 20 experiments 
were sorted according to the percentage of aggregates with diameter above 250pm 
(above SOOOOpm^  area). The results from each experiment were classified accordingly 
into the percentage of aggregate formation range of 20-40%, 40-60%, 60-80% and 
>80%. The increment in the area percentage means an increment of the aggregate 
size. The effect of aggregate formation on the BHK cells can be seen in Figure 5.12. 
The trendlines were fitted within the scattered point to indicate the gradient o f the 
measured parameters. Figure 5.12a shows that the cell concentrations tended to 
reduce as the aggregate size increased.
These phenomena were also presented in the determination of the viability gradient 
where it can be seen that the cell viability reduced significantly from about 90% 
viability to about 80% as the aggregate size increased (Figure 5.12b). There was also a 
tendency o f the reduction of glucose consumption and lactate production as the 
aggregate size increased (Figure 5.12c). These results suggest that the increment of 
the aggregate size might suppress the efficiency o f the glucose utilisation (Figure 
5.12d). In contrast, there was an increase in the production of the expressed protein, 
alkaline phosphatase. Figure 5.12e shows that the increase of the percentage of 
aggregate formation from 20-40% to >80% apparently promoted more alkaline 
phosphatase production by almost twice. These results suggest that the formation of 
bigger aggregates had induced the production of the alkaline phosphatase in BHK cell 
aggregates.
When the correlation between the aggregate formation and the growth parameters 
were calculated, it was found that the correlation coeffieients, r (eell coneentration)= 
0.13, r (cell viability)= 0.837, r (glucose consumption) = 0.481, r (lactate production) 
= 0.564, r (efficiency of glucose consumption) = 0.498 and r (alkaline phosphatase 
production) = 0.995. These r values indicated that there were no significant
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differences in the eorrelation of cell concentrations; significant reduction of the cell 
viability at p<l%; significant reduction of glucose consumption at p<5%; significant 
reduction of lactate production and efficiency of glucose consumption at p<l%. By 
contrast, there was a highly significant increase of alkaline phosphatase production at
p<0 .1%.
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Figure 5.12: The nutrient gradients of BHK cell aggregates analysed from the 
measurements of (a) cell concentration, (b) cell viability, (c) D-glucose consumption, 
(d) L-lactate production and (e) alkaline phosphatase production. The r values 
indicated the correlation coefficients between the growth parameters and the aggregate 
size formation. With n (20-40%)=6, n (40-60%)=6, n (60-80%)=4 and n (>80%)=4; r 
(cell concentration)=013ns, r (viability)=0.837**, r (D-glucose consumption)=0.481*, 
r (L-lactate)=0564* *, r (efficiency of glucose utilisation)=0498* * and r (ALP 
production)=0.987**. = not significant; *=significant at p<5%; **=signiflcant at 
p<l%}.
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5.6 Determination of oxygen partial pressure (PO2 ) within the BHK cell 
aggregates
The oxygen partial pressure (PO2) was measured to determine the O2 gradient within 
the BHK cell aggregate. The determination was carried out using the chemical 
microsensor and oxygen microelectrode (Diamond Electro Tech, Ann Arbor, 
Michigan) as described in Section 2.17. At the beginning o f these investigations, two 
types of microelectrode were used, (1) Clark type microelectrode and (2) 723 oxygen 
microelectrode. These microelectrodes were selected because of their very fine tips 
(below 1 0 pm diameter) and their applicability in the measurement of p0 2  in animal 
tissues (Anon, 1996).
In order to measure the p0 2 , a suitable support for the aggregate was employed. The 
aggregate was mounted on 1% agar in a 9cm petri dish as a platform and flooded vrith 
the cell culture media. The microelectrode was clamped on the micromanipulator and 
positioned both near and above the cell aggregate. The tip o f the sensor was then 
adjusted so that it was at the surface o f the cell aggregate, corresponding to a distance 
of zero micrometers on the display o f the micromanipulator. At this point, the signal 
of the sensor was already recorded on the chart recorder. When the signal was 
stabilised the microelectrode was inserted into the cell aggregate in 50pm steps 
controlled by the micrometer of the micromanipulator. The current signals were 
recorded in percentage of the p0 2  relative to the atmospheric O2 concentration, where 
21% p0 2  was equivalent to 100% air saturation. The insertion was conducted as 
slowly as possible to minimise the noise signal and the response was allowed to 
stabilise before the next step was commenced. The measurements using each 
microelectrode were made in duplicate to ensure the consistency of the response.
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5.6.1 Measurement of pO% gradient of the cell culture media and agar
A comparison of the responses between the microelectrodes was carried out by 
measuring the pO] within the liquid cell culture media flooded on the agar platform. 
The volume of the media was the same for both of the measurements. The 
microelectrodes were inserted vertically through the liquid media and subsequently 
into the agar, in 50pm steps. The results in Figure 5.13 show that there was a gradual 
reduction of the O] % as the electrode needle went deeper into the media. It can also 
be seen that the measurement using the Clark electrode resulted in higher pO] readings 
compared with the 723 microelectrode.
♦ —723 electrode 
■— Clark electrode
medium-agaf boundary
liquid media
200 400 600 800 1000 1400 1800 3000 5000
Insertion of the microelectrode {u m)
Figure 5.13: Comparison of the measurement of pO] gradient in the liquid media and 
1% agar using Clark microelectrode and 723 microelectrode.
With the Clark microelectrode, there was a slight drop of the p0 2  reading as the 
electrode penetrated the solid agar. This phenomenon can be detected from the 
original chart recorder sheet, which showed the pressure effect as a consequence of 
insertion of the microelectrode into a solid phase. However the pÛ2 concentrations
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continued to decrease as the electrode penetrated deeper into the agar. In contrast, 
different situation was observed on the 723 microelectrode. When the microelectrode 
penetrated into the agar, the p0 2  reading drastically dropped to below zero and later 
there was a disconnection of the current response. This phenomenon might be due to 
the feet that the connection of the reference electrode with the cathode relied on the 
liquid media as the electrolyte. When the microelectrode penetrated the agar, there 
was not enough electrolyte for the current flow and thus disconnecting the responses. 
Consequently, the microelectrode needed to be calibrated all over again for the next 
measurement.
5.6.2 Measurement of p0 2  gradient within the BHK cell aggregates
The measurements o f the p0 2  in BHK cell aggregates were carried out using the Clark 
style microelectrode only because of the problem discussed in Section 5.6.1. The 
measurements were conducted on the BHK aggregates, which were cultivated in roller 
bottles on the fourth day of growth. The measurement of the p0 2  in BHK cell 
aggregates treated with the addition of SOOjliM calcium and 0.0025% collagen was 
also carried out. A comparison of the pÛ2 profiles was made on different sizes of 
aggregates as well as the effect of the calcium and collagen addition.
It was difficult to measure the size of the aggregates using the micrometer because 
they were not normally spherical in shape, resulting in different breadth and length 
measurements. Additionally, the sizes of BHK cell aggregates were also measured by 
referring to the depth of the microelectrode’s insertion into the aggregates. The p0 2  
measurements of BHK aggregates grown in control media where no calcium or 
collagen was added showed varied profiles depending on the depth o f the 
microelectrode’s insertion and the shapes o f the aggregates as shown in Figure 5.14.
187
CHAPTER 5 NUTRIENT GRADIENTS IN BHK
le n g th = 1 4 4 0  um , b re a d th = 1 5 4 0  um
I
I
14
1? -£ 10 -1 8 ^
I 6 IIg 4 -
1 2 -
1 0 -  0
ag g reg a te  1 agar
« ■—#
H 1 h
5 0  100 150  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0  6 5 0  7 0 0  7 5 0  
Insertion of the micoelectrode (um)
le n g th = 1 8 5 0 u m , b re a d th = 1 5 2 0  um
?  12 -  
Ï  10 -  
1 s "
agg regate  2
I
Î
0 50 10 0  15 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0  6 5 0  7 0 0  7 5 0  8 0 0
Insertion of the microelectrode (um)
le n g th = 1 8 2 0  um , b re a d th = 1 6 0 0  um
aggregate3 agar
100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1 0 0 0  1 1 0 0
Insertion of the microelectrode (um)
le n g th = 1 6 0 0  um , b rea d th  1 4 4 0  um
14
12
10 agar
8
6
4
2
0
■2 9 0 0 10 5 0  12004 5 0  6 0 0  7 5 0
Insertion of the microelectrode (um)
150 3 0 0
Figure 5.14: The profiles of the pO] gradient measured within different sizes of BHK 
aggregates grown in control media. The measurements were carried out twice as 
depicted in the red and blue lines.
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Due to the irregular shape of the BHK aggregates, measurements of the length and 
breadth of the aggregates were indicated by measuring the maximum and minimum 
dimension of each aggregate. The results indicated that there were no obvious pO] 
gradients obtained within aggregate 1, aggregate 2 and aggregate 3. These aggregates 
were of different sizes according to the micrometer measurements o f the maximum 
length and the minimum breadth, as well as the depth of the micrometer insertion. 
From these measurements, it was deduced that the aggregates were not spherical in 
shape but rather thick and flat cell aggregates.
However aggregate 4 showed that there was a p0 2  gradient in which zero oxygen was 
detected in the centre of the aggregate. When compared with aggregate 3 which 
exhibited almost the same depth of the microelectrode insertion, the existence of the 
pÛ2 gradient might be due to the shape of the aggregate 4 which was almost spherical. 
These p0 2  gradient measurements also showed that the concentration of p0 2  within 
the cell aggregates was varied below 1 2 % compared to the atmospheric p0 2  (2 1 %).
Comparisons were also been made on the BHK cell aggregates formed from the 
addition o f 500pM calcium and 0.0025% collagen into the culture media. The 
micrometer measurements clearly indicated that these treated aggregates formed 
bigger aggregates than the control culture but exhibited about the same variability o f 
depth of microelectrode insertion (Figure 5.15). The three representative aggregates 
however showed the existence o f p0 2  gradients within the aggregates but only 
aggregate 3 showed the occurrence of the zero p0 2  phase in the centre. As can be 
seen, aggregate 3 gave the biggest micrometer measurements. Even though the depth 
of the microelectrode insertion in aggregate 1 was the least (650 pm), the existence of 
the p0 2  gradient in the aggregate might be due to the overall morphology of the 
aggregate which had 3900pm and 3200pm length and breadth respectively. 
Furthermore, the pÛ2 level in the middle o f the aggregate did not drop to zero, which 
indicated sufficient oxygen for cell growth at the centre of this aggregate.
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Meanwhile a pO] gradient was also observed in aggregate 2. Similar to aggregate 1, 
there was no zero p0 2  region within the aggregate even though this aggregate was the 
largest in size shown by the depth of microelectrode insertion. The size phenomenon 
might explain the fact that the maximum and minimum pO] values in aggregate 2 
were smaller when compared with aggregate 1 .
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Figure 5.15: The profiles of the pO] gradient measured within different sizes of BHK 
aggregates formed from the addition of SOOpM calcium and 00075% collagen. The 
measurements were carried out twice as shown by the red and blue lines.
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In order to determine the probable changes in the pO] gradient within the BHK 
aggregates, the measurements were also carried out on the sixth day of the cell growth. 
As can be seen in Figure 5.16, both aggregates from control and treated cultures (with 
calcium and collagen addition) showed some reduction of the pO] concentration 
within the aggregates.
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Figure 5.16: The profiles of the pO] gradient measured within the BHK aggregates in 
the 6**^ day of incubation. The measurements were carried out on aggregates from 
control cultures and aggregates which formed from the addition o f 500M calcium and 
00075% collagen. The measurements were carried out twice as shown by the red and 
blue lines.
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The differences between the maximum and minimum values of p0 2  were smaller, 
which indicated that pÛ2 gradients tended to decrease as the cells reached the end of 
their growth phase. The zero pÛ2 region was observed in aggregates 1 and 2 while 
zero p0 2  was also detected on the surface of the aggregate 3. This phenomenon might 
be due to the batch culture condition in which, insufficient of nutrient occurred on the 
sixth day o f cultivation and resulted in the deterioration of the cells.
5.6.3 An attempt to determine the viability gradient of the BHK cell aggregates 
using fluorescent stains and a confocal microscope
An attempt was made to determine the cell viability gradient of the BHK cell 
aggregate using the fluorescene diacetate (FDA) and propidium iodide (PI) fluorescent 
stains. Two different ages of cell aggregates (third and seventh day cultures) were 
stained. Figure 5.17 shows that the viable cells stained green by the FDA and the dead 
cells stained orange/red by the PI under the UV illumination. The optical sectioning 
of the aggregates using the confocal microscope was set up as described previously in 
Section 2.15 and 2.16.
Different sizes of aggregates were obtained; the cells of the smaller aggregates were 
still viable while dead cells were observed within large aggregates. Smaller 
aggregates were found as separated aggregates or attached to each other as the result 
of the addition of calcium and collagen to produce clusters of aggregates. The cell 
aggregates also showed a high level of viability when stained on the third day of 
incubation. Such viability remained until the seventh day o f cultivation but in a form 
of smaller aggregates due to the breakage of large aggregates At the same time, dead 
cells which were seen as patches of orange or red within the large aggregates.
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Figure 5.17: The fluorescence staining of BHK cell aggregates under the illumination 
of an ultra-violet light. The viable cells were stained green by the fluorescence 
diacetate and orange/red by the propidium iodide. The photographs were taken on the 
(a) 3 days old and (b) 7-days old cultures with 20X magnification.
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Unfortunately, the sectioning by the confocal microscope could not be carried out 
because of the size of the aggregates, which were too large for the 20X magnification 
laser scanner. Due to the large aggregate size, it took a few hours to complete the 
optical sectioning and during this time the cells were dying as a result o f the laser 
scanning. It was not possible to use a smaller magnification due to the limited 
capability of the available confocal scanning microscope.
5.7 The alkaline phosphatase production from BHK cell aggregates
BHK cells formed aggregates when grown in suspension system with the standard 
medium. However the addition of extra calcium and collagen into the culture medium 
was shown to enhance the formation o f relatively bigger aggregate sizes. Previous 
experiments (Section 5.4.1), showed that the addition o f 500pM extra calcium and
0.0075% desiccated coUagen were the optimum condition for ceU growth and 
maximum production of alkaline phosphatase enzyme. Therefore, this culture 
condition was chosen to be compared with the control condition where no extra 
calcium or collagen was added. The effect of the calcium and collagen addition was 
also investigated in a stationary system by growing the BHK cells in the Roux tissue 
culture flask, with and without the addition of calcium and collagen. Using the same 
treatments, comparisons were also made with BHK cells grown in roller bottles.
The BHK cells were seeded at 3.0 x 10  ^cells/ml as the initial concentration in a 100ml 
working volume culture system. The cells grown in tissue culture flasks were 
incubated in the 5% CO2, 95% air, gassed incubator at 37°C, whereas the roller bottle 
cultures were incubated in the 37°C hot room, held on a rotating roller at a speed of 
15rpm. The cell concentration was determined by sacrificing the cell culture on the 
first, third, fourth, fifth and seventh days of incubation. Meanwhile the cell culture 
media were sampled at 24 hours intervals for the analyses o f D-glucose and L-lactate 
as well as for the determination of alkaline phosphatase production.
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The results in Figure 5.18a show that the cell concentration obtained from cell culture 
with added calcium and collagen, which was grown in roller bottle produced a higher 
cell concentration compared with the control stationary culture in a tissue culture 
flask. Meanwhile, a lower cell concentration was produced from treated cells grown 
in the roller bottle compared with the control roller bottle culture. The control 
stationary cell culture was seen as consuming the highest level o f glucose and the 
treated roller bottle culture used the least amount of glucose from the media (Figure 
5.18b). There was no significant difference between the control roller bottle culture 
and the treated stationary culture. As a result o f the glucose consumption, a 
complimentary pattern of L-lactate production was also observed in the cultures where 
the highest lactate production was observed from the highest amount of glucose 
consumed (Figure 5.18c). The lowest level of lactate production was detected from 
the roller bottle culture with calcium and collagen addition.
Extra additions of calcium and collagen into the BHK cell culture affected the level o f 
alkaline phosphatase production. It can be seen that more alkaline phosphatase was 
produced from the treated roller bottle culture compared to the other three cultures 
(Figure 5.18d). Such a phenomenon might be related to the difference of the 
aggregate size as the result of calcium and collagen addition into the cell culture 
media.
Table 5.1 shows that BHK cell aggregates in the treated culture exhibited larger size of 
aggregates compared with the control culture where no calcium or collagen addition 
was given. However, less alkaline phosphatase was produced in the stationary flask 
cultures with calcium and collagen additions. Cell aggregates were only formed in 
roller bottle cultures, where larger aggregates were found in the calcium and collagen 
treated culture.
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Figure 5.18: Comparison of the addition of 500 pM extra calcium and 0.005% 
collagen on the growth of BHK cell with the control culture (in the absence of 
additional calcium or collagen). The growth of the cells arc indicated with the (a) 
maximum cell concentration, (b) D-glucosc consumption, (c) L-lactatc production and 
(d) alkaline phosphatase; in control stationary flask (sf-control), treated stationary 
flask (sf-calcoll), control roller bottle (rb-control) and treated roller bottle (rb-ealcoll) 
culture systems. Bars represent the standard error, n=3.
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Table 5.1: Aggregate formation of BHK cells grown in roller bottles as a result o f the 
addition of SOOpM calcium and 0.0075% collagen. (±SE).
Treatment Average diameter size 
(pm)
(+SE)
Control, without any addition 2000 ± 90
Combination o f added 
500pM calcium and 0.0075% 
collagen
3900 ± 170
Meanwhile in the stationary system, the BHK cells grow mainly attached on the 
flasks’ surface as a monolayer. The formation of aggregates was only observed when 
cell culture had reached confluency and no more growth surface was available. The 
cultivation of BHK cells aggregates had also been carried out in a stirred flask. 
Unfortunately, this attempt was unsuccessful due to the problem encountered when the 
cell aggregates were found sticking to the stirrer of the stirred flask.
5.8 Discussion
The BHK cells used in these studies, were transgenic cells, which carry the plasmid 
ALPcDNA for the expression of human alkaline phosphatase enzyme (Berger et al., 
1987). The cells were chosen because of their ability to grow as a suspension system 
either in a form of natural aggregates (Moreira et al., 1994) or as a monolayer on 
microcarriers (Racher et al., 1994). Racher and his colleagues (1994) claimed that the 
production of ALP from BHK’s natural aggregates was twice as much as its
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production from microcarrier culture. Meanwhile, according to Moreira et al. (1994), 
the size of natural aggregates could be controlled by agitation in order to prevent the 
formation of oversized aggregates, which would later produce a necrotic zone in the 
centre of the aggregates.
Different aggregate sizes were found in HeLa S3 cultures in Chapter 4, as a result o f 
various calcium and collagen additions. Therefore, similar calcium and collagen 
additions were tested on the culture of BHK cell aggregates to determine their effects 
on the cell growth and their role in controlling the aggregate size. The results have 
facilitated the estimation of nutrient gradient phenomena in BHK cell aggregates.
5.8.1 Production of alkaline phosphatase (ALP) from BHK cells
The only report on the production of the ALP from BHK aggregates grown in a 
suspension system was documented by Racher and his colleagues (1994). Therefore, 
preliminary studies on the detection of ALP from the cell culture had to be carried out 
since such measurements could be used to evaluate and compare the productivity o f 
cultures used in further investigations. A comparison on the methods of ALP enzyme 
measurements from the cell culture media showed that both methods; McComb and 
Bowers’ and Sigma’s were reliable for ALP detection. However, by comparing the 
end titre of both methods, the former method was found to be less sensitive than the 
latter. The higher titre value was obtained using the Sigma kit measurement. The 
sensitivity o f the McComb & Bowers method might be affected because o f the small 
amount of the diluent (lOOpl) in each assay, where an addition o f the same amount of 
sample had resulted in some background effect due to the colour of the cell culture 
media. By contrast, the amount of sample per assay (50pl) in the Sigma kit was much 
less relative to its diluent (3ml) which might reduce similar background effects and, 
hence increase its sensitivity. Even though the McComb & Bowers method was less 
time consuming and more economical than using the Sigma kit, the latter method was 
chosen for further uses.
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5.8.2 The suitability of the culture vessels for growing BHK cells in suspension
The suitable culture vessel for growing BHK cells in suspension was determined by 
comparing the cell growth in the stirred flasks and roller bottles at different speed of 
revolution. Based on the glucose consumption and ALP production, the studies 
indicated that roller bottles at 15rpm were the most suitable vessels to grow BHK cells 
in suspension. The cells in 15rpm roller bottles consumed glucose at a relatively 
higher rate compared with the cells in 4rpm roller bottles and stirred flasks. As a 
consequence, more ALP enzyme was also produced.
The formation of the natural aggregates of BHK cells depended on the type of 
cultivation. According to Moreira et al., (1985) the natural aggregates were produced 
by moderate agitation in a stirred bioreactor. However, the experiments showed more 
extensive cell growth and larger aggregates in 15rpm roller bottles. Meanwhile, cells 
grown in roller bottles with minimum speed at 4rpm caused some o f the aggregates to 
settle and attach to the roller bottles’ interior surfece. Such a situation prevented the 
cells growing in aggregates and caused a monolayer culture system to develop inside 
the roller bottles. Even though the cell growth in stirred flask culture was about at the 
same level as the 15rpm roller bottle culture, the formation of aggregates was found to 
decrease. The stirrer speed of the stirred flask was selected at SOrpm, which was the 
minimum speed to enable the cell aggregates to be suspended freely in the stirred flask 
culture.
The roller bottle revolving at 15rpm was the most suitable vessel for growing BHK 
cell in aggregates because of its ability to provide sufficient agitation for movement 
and aeration for the cells. The formation of aggregates did not prevent the BHK cells 
producing considerable amount of ALP, which was also significantly higher than the 
other systems tested. From these findings, the roller bottles revolving at 15rpm were 
chosen for the investigation of nutrient gradients in BHK cell aggregates.
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5.8.3 Variation of calcium and collagen on the growth and ALP production of 
BHK cells
The variation of calcium and collagen addition into BHK cells culture media was 
carried out due to its successful role in promoting cell aggregation in HeLa S3 cells 
(see Chapter 4). The effect of calcium and collagen on the growth and aggregate 
formation on BHK cells was evaluated even though BHK cells already formed natural 
aggregates when grown in a suspension system. The additions were also manipulated 
as a tool to facilitate the investigation of nutrient gradient in BHK cell aggregates.
Different concentrations of calcium and collagen when added alone, particularly at 
higher concentrations generally affected the growth of BHK cells by reducing the cell 
concentration and its viability compared with the control culture where no addition 
was made. However, when the calcium and collagen were combined, the cell 
concentrations were increased back to normal, while at some combinations cells were 
produced at relatively higher cell concentrations. Even though the addition o f extra 
calcium was reported to induce cell aggregation (Peshwa et al., 1993), Boraston and 
his colleagues (1992) claimed that it’s effect might be toxic, which could explain the 
reduced of cell viability. These studies showed that the application of calcium and 
collagen in combination had managed to balance the toxic effect which might be 
caused by either calcium or collagen added alone. Similar situations were also 
observed in the cell viability where the addition of calcium and collagen combinations 
had lifted the cell viability to be around 90%.
On the other hand, the variations of calcium and collagen additions had resulted in 
different effects on the cell metabolism. Such a phenomenon was reflected in the 
biphasic effect on the glucose consumption and lactate production of the cell culture in 
relation to different collagen concentrations combined with particular concentrations 
of calcium. There was no observed relationship between glucose consumption and 
lactate production with the cell concentration and cell viability.
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However, there was a direct relationship between the pattern of cell metabolism which 
was indicated by the efficiency o f glucose utilisation (explained in Section 5.4.1) with 
ALP production. It can be seen that the most efficient glucose utilisation was 
achieved in culture with combination of 500pM calcium and 0.0075% collagen, which 
also produced the highest amount of ALP in culture. Even though the cell 
concentration and viability of such culture did not show significant difference with 
other treatments, there were significant changes in the substrate utilisation and ALP 
production. With regards to these situations, it was obvious that calcium and collagen 
additions effected the cell metabolism, and also increased the production of the ALP 
enzyme.
5.8.4 The effect of calcium and collagen on BHK cell aggregate formation
Different concentrations of calcium and collagen had promoted different ranges of 
aggregate sizes but generally the size of the aggregates increased with the increase of 
the amount of calcium and collagen. Most of the cell cultures, which formed 
aggregates as a result of calcium and collagen addition had been analysed and shown 
to produce aggregates with sizes within the diameter range of 250-570pm- Larger 
aggregates (>750pm) were found in cultures which contained collagen combined with 
<500pM calcium. However, increasing the calcium concentration to 750pM did not 
enhance the size of the cell aggregates.
Since the determination of the aggregate size distribution was carried out using an 
image analyser, which was programmed to analyse the size of area of each aggregate, 
it was not possible to distinguish the viable from the non-viable cells. In this situation, 
the aggregate size distributions obtained were compared with the cell growth 
parameter (Section 5.8.3) in order to select the most useful calcium and collagen 
combination, which also promoted the highest cell growth, as well as maximum ALP 
production. From these comparisons, it was shown that a combination o f 500pM 
calcium and 0.0075% collagen induced the largest aggregates with higher cell growth
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and ALP production. It was also found that more than 80% of aggregates formed 
were >250jLim in diameter.
5.8.5 Nutrient gradients in BHK ceH aggregates
The nutrient gradient in BHK cell aggregates was determined indirectly, by 
manipulation of the cell growth measurement and ALP production and directly, by cell 
staining and p0 2  measurement using a special O2 probe on a selection of BHK 
aggregates. The determination of nutrient gradients in cell culture systems was 
important since it could have a direct influence on the cell growth and productivity 
(Spier ,1995).
5.8.5.1 Nutrient gradients in BHK cell aggregates determined by means of cell 
growth and ALP production
An indirect determination of the nutrient gradients within BHK aggregates was made 
in relation to the different sizes of the aggregates due to the addition o f extra calcium 
and collagen. The nutrient gradients were determined by fitting a correlation between 
the range of different sizes of aggregate (which were classified according to the 
percentage of aggregates formed with >250pm diameter) with the cell growth 
measurements. There was no gradient of cell concentrations but negative gradient in 
cell viability and glucose consumption (Figure 5.12, Section 5.5). However, because 
of the similar negative gradient obtained in the lactate production, the calculated value 
of the efficiency o f glucose utilisation was also reduced, which also meant that the 
conversion of glucose to produce more energy in a form of ATP was increased. 
Consequently, it indicated an increase in cell metabolism, which was portrayed by the 
positive gradient of the ALP production as a function of aggregate size. By such data 
manipulation, it was shown that the formation of bigger BHK cell aggregates due to
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the addition o f calcium and collagen resulted in a more productive BHK cell culture 
for a genetically engineered secreted enzyme construct.
5 8.5.2 Nutrient gradients in BHK cell aggregates determined by direct 
measurements
The direct determination of nutrient gradients was carried out on BHK aggregates by 
selecting a few aggregates with different sizes and culture conditions. The nutrient 
gradient was determined by measuring the changes of pO] level within the BHK 
aggregate because O2 has always been referred to as an indicator of cell survival in 
culture system (Fleischaker & Sinskey, 1981). The p0 2  was measured because it also 
represented the amount of dissolved O2 available within the cells (Fiechter et al., 
1987).
Two types of O2 microelectrode were tested for their practicality. Both electrodes 
were polarographic electrodes which were based on the diffusion of dissolved O2 to 
the polarised cathode resulting in an electrical signal which can be used to measure the 
level of p0 2  (Baumarlt, 1987). The comparison of p0 2  measurement was performed 
initially within the cell culture liquid media flooded over a 1% agar platform. The 
p0 2  level was reduced from around 2 1 % (atmospheric PO2) to about 1 2 % when the 
electrode was inserted into the liquid media and it decreased further as the probe was 
moved away from the air-liquid surface.
The pÛ2 further dropped to around 4.5-7% as the microelectrodes penetrated the agar. 
The Clark type electrode was capable of measuring p0 2  within the agar platform while 
the 723 electrode failed to achieve similar measurements. Such a phenomenon might 
be explained by referring to the different constructions o f the microelectrodes. The 
723 depended on the liquid media for the electrolyte and therefore failed to record any
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current signal when inserted into solid substrate because of the lack o f electrolyte. 
Meanwhile, the Clark microelectrode consisted of a built-in reference electrode 
assembled together with the cathode, and KCl electrolyte solution in one body. Based 
on this, the Clark electrode was selected for the measurement of p0 2  in BHK 
aggregates because it can be used in liquid as well as solid substrate situations.
The nutrient gradients within BHK cell aggregates were determined by referring to the 
p0 2  profiles obtained using the Clark microelectrode. Comparisons were made of the 
p0 2  profiles between aggregates from different culture conditions and day of 
cultivation. The evidence showed that the profiles of p0 2  o f these aggregates 
depended on the morphology and shape of the aggregates. The aggregate, which 
exhibited a flat shape presented no p0 2  gradient within the aggregate even though the 
particle depth was relatively large. Meanwhile, smaller but more rounded aggregate 
showed a gradient within the aggregate where a decreased p0 2  level was measured 
near the centre of aggregate. Several researchers have also found a similar pattern of 
pÛ2 gradients examined in yeast (Muller et ah, 1988), bacterial slimes and films 
(Hooijmans et ah, 1990) and mycelial pellets (Wittier et a l, 1986). The difference 
between these measurements was in the penetration depth where low or zero pÛ2 was 
detected within the aggregates. Unfortunately, no comparison can be made on other 
animal cell system since no similar measurements have yet been reported.
The measurements of the p0 2  on the six day old aggregate cultures showed that very 
low p0 2  levels were detected within the aggregates both at the outer and inner regions. 
The p0 2  also reached zero irrespective o f the location o f the cells within the 
aggregate. This evidence might indicate the possibility o f insufficient O2 existed 
inside the culture vessel because the available O2 had been completely utilised by the 
cells during the cultivation. Such situation can also be illustrated by the following 
calculations:
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1. Volume of air in culture vessel = 400ml
1 mole of gas occupies 0.0224m^ of volume at STP and 0°C
Relative molecular mass (RMM) of air = 29g/ml (consisted of 21% mole 0% and
79% mole N2 and others)
Gas constant, R = 287.1J/kgK
lOOxlO'^L Ix lO'^m  ^ = 1 X 10-4m^
IL
3. Volume of air = 400 x 10’^  x 10"^  = 4.0 x lO"^  m^
4. Ideal gas equation, PV -  nRT;
Density of air, p = j l  = P _  = 1 x 10  ^ = 1.124 kg/m^
V RT 287.1 x310
4.0xl0"'m^ 1.124ka Hanoi
29kg
= 1.55 X 10' kmol
5. Composition of air : 21mol% O2 and 79mol% N2 and others
.'.21 X 1.55 X lO'^kmol x 10^  = 3.255 x lO'^mol O2 
100
79 X 1.55 X lO'^kmol X 10^  = 0 .0 1 2 2 molN2 
1 0 0
Cell concentration = 2 x 1 0  cells/ml, in 100ml culture at 37°C.
8.'. lOOml of cell culture consisted of 2 x 10 cells 
Rate of O2 uptake = lOpg/celPhour (Spier & Griffiths, 1984) 
The uptake of O2 per day :
lOxlO-'^e 2 .0  X 10*cells Imole 0.0224m^ 310K 24hour
celLhour 32g Imole 273K Iday
= 3.82 X 10'  ^mVday
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From the calculation of moles of O2 the volume of O2 in air :
3.255 X 10'  ^mole O? 0.0224m^ 310K
1 mole 273K
= 8.279 x i œ V  
3.82 X 10'  ^ o f O2 is  used in  1 day
8.279 X 10-5m3 o f O2 will be used in 8.279 x 10'^
3.82 X 10'^
= 2.167 days 
« 2  days.
7. From the calculations above, it shows that the amount of O2 in the culture vessel 
had been completely utilised by the cells after the second day of incubation. This 
might be the reason why the measurement of pÛ2 on the sixth day o f cultivation 
only managed to detect a very small amount of O2.
Animal cells will normally reach a declining phase of growth when grown in a batch 
system (McAteer & Davis, 1994). In these investigations the declining phase was 
detected on the fifth day o f incubation. Cells in this phase exhibited a lower rate of 
cell growth and their metabolic systems, including the O2 uptake slowed down. A 
similar situation might be experienced by BHK aggregates, which were grown in 
roller bottles continuously for 6  days before the p0 2  levels were examined in the 
aggregates. In this circumstance, the low level o f p0 2  within the aggregates was 
evidently indieated by the state of cells in culture which concurred with the above 
calculations, showing that cells had only enough O2 for 2  days at what could be the 
maximum rate of respiration.
An attempt to determine the viability gradient of the BHK cells in aggregates by using 
the FDA and PI fluorescence stains aided with a confocal microscope was 
unsuccessful. The problem rose due to the large size of aggregates causing 
unsuitability o f the equipment available for the ‘sectioning’ by the confocal
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microscope. It was suggested that a microscopic sectioning using a microtome might 
be usefiil in order to investigate the cell viability gradient within large aggregates 
(Peshwae/ûr/., 1993).
5.8.6 Production of ALP from BHK cell aggregates treated with calcium and 
collagen
A comparison was made of the BHK cells grown in a stationary system in Roux flasks 
and a suspension system in roller bottles in order to investigate the effect o f (1) 
aggregate formation and (2) calcium and collagen addition on cell growth and ALP 
production. The cells were grown in a stationary system since the BHK cells were 
originally anchorage dependent cells. Cell aggregates were formed when they reached 
confluency on the flask surface after the third day of incubation due to the limited 
space for growing. However the BHK cells were also capable o f growing as 
aggregates when cultured in suspension. Furthermore, BHK cells showed a preference 
for growth in a suspension system to a stationary system. Such phenomena can be 
evaluated fi-om the production of higher cell concentrations and ALP enzyme when 
using a roller bottle cultures compared to Roux flask cultures.
These results also showed that the addition of calcium and collagen enhanced the 
production of higher cell concentration as well as the amount of ALP enzyme both in 
the stationary and suspension systems. This evidence showed that such additions 
affect the cell growth and metabolism Even though collagen has no nutritive value 
for the cell growth (Sharp, 1977), its existence provides some sort of substitution for 
serum in culture which assists normal cell growth (Ray, et ah, 1990).
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5.9 Conclusion
The BHK cells preferred to grow in aggregate form in a suspension system by 
exhibiting more cell growth and ALP production. Their capability to grow as 
aggregates in a suspension system had opened the potential for scaling up in order to 
achieve high density production. The aggregate formation also fecilitated the 
investigation of nutrient gradients within the aggregates.
The addition of calcium and collagen at various concentrations affects BHK cell 
growth and aggregate formation. The size distribution measured by image analysis 
found that the largest aggregates were formed when 500pM calcium and 0.0075% 
collagen were added into the culture medium. Coincidently, the highest level o f  cell 
growth was also achieved by the similar treatment. Even though the cell viability was 
slightly reduced, the ALP production was increased.
The effect of calcium and collagen addition also had facilitated the indirect 
determination of nutrient gradient in BHK aggregates. The analyses o f the cell growth 
parameters, which also reflected the cell growth phenomena of the aggregates, 
indicated that the enlargement of the aggregate size also increased the cell growth and 
productivity. Meanwhile, the direct determination o f nutrient gradient using the O2 
microelectrode suggested that the p02 proflle within the BHK aggregates depended on 
the morphology of the aggregates. There was no pÛ2 gradient detected within flat 
aggregates while spherical aggregates exhibited p0 2  gradients with decreased p0 2  
levels towards the centre of the aggregates. The additions of calcium and collagen 
induced larger and rounder aggregate formation. Such additions also helped to reduce 
the formation of low and zero pÛ2 levels within the aggregates. The formation of 
larger BHK aggregates by calcium and collagen addition resulted in more cell growth 
and ALP production. The studies also indicated that calcium and collagen had a 
certain role in promoting more extensive BHK cell growth.
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6. EXPERIMENTS DIRECTED TOWARDS THE 
INVESTIGATION OF THE EFFECT OF NUTRIENT 
GRADIENTS IN THE D36, MOUSE HYBRIDOMA CELLS
6.1 Introduction
The D36 hybridoma cell line which was used in this investigation was developed 
by Kumar (1989). This cell line was derived from the fiision o f NS-1 myeloma 
cells and spleenic lymphocyte cells from mice which were immunised against 
HRV-2 (human rhino virus type 2) to produce a panel of monoclonal antibodies. 
The D36 cell clone was selected from the panel as it has been tested for the 
reproducibility of the reactions of its monoclonal antibody.
The cells were initially adapted to grow m tissue culture flasks and roller bottles. 
Subsequently, an attempt was made to induce the formation of cell aggregates of 
the hybridoma cells by additions of calcium and collagen into the cell culture 
media. The effect of the addition of calcium and collagen were investigated on cell 
growth, monoclonal antibody production and the formation of cell aggregates.
6.2 Comparison of the growth of D36 cells grown in stationary flasks and 
roller bottles
The hybridoma cell line, D36 was initially adapted to grow in 50 and 75 cm^ tissue 
culture flasks. During the adaptation period, the cells were subcultured and the 
media were refreshed every two days. When sufficient cells were available, the 
cells were subcultured into the 175cm^ tissue culture flask and roller bottle with an 
initial cell concentration of 2.5 xlO^ cell/ml and 100ml working volume. The
tissue culture flask was incubated in the 5% CO2, 95% air incubator at 37°C while
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the roller bottles were incubated in the 37°C hot room on a roller rig which rotated 
the bottles at 3rpm. The cell growth in these containers was compared by 
measuring the cell concentration and the monoclonal antibody production during 7 
days of incubation.
The results in Figure 6.1a showed that the cell number of cultures grown in the 
stationary flasks increased slightly from the initial concentration of 2 x 1 0  ^ cells/ml 
to around 5x10^ cells/ml on the fifth and sixth day of incubation. Meanwhile the 
cells in the roller bottles reached a maximum count on the fourth day of incubation 
at a level about four times higher than the maximum cell concentration obtained 
from the stationary flask.
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Figure 6.1: Comparison of the growth of D36 cells in stationary flask and roller 
bottle indicated by the determination of (a) cell concentration and (b) cell viability. 
Bar represents standard error, n=3.
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During cell propagation in tissue culture flasks, it was found that the cell viability 
only managed to reach around 50-60%. With this range o f cell viability the 
experiments were carried out and the results are shown in Figure 6.1b. It can be 
seen that the cell viability in the roller bottle was increased to above 90% on the 
third and fourth days of incubation and decreased as the culture proceeded to the 
end of the incubation. By contrast, the cells in the stationary flasks maintained 
their percentage viability around 50% until the fifth day o f incubation. These 
results indicated that it was more suitable to grow the D36 cells in roller bottles 
than stationary flasks.
6.3 The development of ELISA methods for the detection of monoclonal 
antibody secreted by the D36 hybridoma cells
The production of monoclonal antibody fi-om D36 hybridoma cells was measured 
by an ELISA method. An antigen specific captured antibody against HRV raised 
in mouse was used to detect the monoclonal antibody by a sandwich ELISA 
method (Kumar, 1989). Due to the absence of this specific captured antibody, 
different types of ELISA were developed for monoclonal antibody detection. The 
most reliable method was then chosen for monoclonal antibody measurement for 
the subsequent study (refer Section 2.13.3.2 in Materials and Methods for details).
6.3.1 The determination of the most suitable concentration of horse-radish 
peroxidase conjugate (HRP) enzyme
The horseradish peroxidase (HRP) enzyme conjugated with anti-mouse IgG was 
used as the second capture antibody in the ELISA methods. The conjugated 
enzyme was titrated to find the optimum concentration to be used in the ELISA. 
Results in Figure 6.2 showed that the optimum concentration of the conjugated 
enzyme was obtained in the range of 1:3,200 to 1:25,600 dilutions. Therefore, the 
dilution of 1:12,800 was used in the ELISA for the detection o f monoclonal 
antibody secreted from the D36 hybridoma cells.
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Figure 6.2: The titration of horseradish peroxidase-IgG conjugate to determine the 
optimum concentration to be used in ELISA. Bars represent standard error, n=3.
6.3.2 Comparison of 2 types of ELISA method for the detection of the 
monoclonal antibody
Two types of ELISA methods, (1) Double antibody sandwich (DAS-ELISA) and 
(2) Indirect ELISA were carried out as described in Section 2.13.3.2. The 
monoclonal antibody measurements were carried out on the cell culture 
supernatant obtained from the experiment as described in Section 6.2. The results 
in Figure 6.3 showed that a higher level of monoclonal antibody was detected by 
Indirect ELISA from the same sample of cell culture supernatant compared to the 
DAS-ELISA. There was no significant difference of monoclonal antibody 
production between the stationary and roller bottle cultures. It can also be seen 
that maximum production of the monoclonal antibody was detected around the 
fifth and seventh day of incubation (Figure 6.3a). The DAS-ELISA had lower 
readings for the same sample than the Indirect ELISA (Figure 6.3b) and therefore 
it was excluded from use in further studies.
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Figure 6.3: Comparison of the detection of the monoclonal antibody using (a) 
Indirect ELISA and (b) DAS-ELISA methods. Bars represent standard error, n=3.
6.3.4 The quantitative measurement of the standard mouse IgG in relation to 
the optical density values measured at 450/570nm wavelength absorbance
The quantitative measurement of the standard mouse IgG was carried out to 
determine the actual amount of IgG in the sample measured by ELISA. The 
standard mouse IgG of known concentration of 20pg/ml was diluted and measured 
using the Indirect ELISA method. The difference of the optical density values 
over the negative control was calculated and a graph was plotted against the 
dilution of the IgG. Figure 6.4a shows that the highest optical density differences 
were obtained at the concentration of 250pg/ml. Concentrations of higher than 
250pg/ml of IgG might have effected the attachment of the IgG to the ELISA plate
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surfaces and therefore reduced the sensitivity o f the detection. Meanwhile, there 
was a gradual reduction of optical density values as the dilution of the IgG 
increased. From these results a linear regression line was produced for the range of 
0 to 62,5pg/ml of IgG concentrations (Figure 6.4b). The equation of the regression 
line was then used for the estimation of the amount of IgG of the monoclonal 
antibody derived from the cell culture supernatant of the hybridoma cells.
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Figure 6.4: The relationship between the optical density value and the quantitative 
amount of mouse IgG measured in ELISA (a), and from this measurement the 
linear regression was produced from the range of Opg/ml to 50pg/ml IgG (b). Bars 
represent standard error, n=3 for each concentration of mouse IgG.
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6.4 The effect of the variation of calcium and collagen concentrations on D36 
cells
The purpose of adding various concentrations of calcium and collagen into the cell 
culture media was to find the optimum condition for the formation of cell 
aggregates. The same treatments were given as previously carried out on HeLa S3 
cell (Chapter 4) and BHK cells (Chapter 5). The D36 hybridoma cells were grown 
in roller bottles with an initial cell concentration of 2.5 x lO^cells/ml and 100ml 
working volume, rotating at 3rpm. Extra calcium ions were added at the 
concentration of 250, 500 and 750 pM whereas collagen was added at the 
0.0025%, 0.005%, 0.0075%, 0.01% and 0.02%.
The effects of the variation on the hybridoma cells were evaluated by measuring 
the growth parameters over the six days incubation period. The determination of 
the cell concentrations, viability and MTT assay were observed on the fourth day 
of incubation where the growth reached maximum as indicated in Section 6.2. 
Meanwhile the analyses of D-glucose and L-lactate in the cell culture media were 
carried out at the end of the incubation period. Total production of the monoclonal 
antibody in the cell culture supernatant was assayed with ELISA and the 
quantitative amount of the antibody was calculated using a linear regression 
equation obtained from Section 6.3.4.
6.4.1 The effect of calcium and collagen on the growth of D36 cells
The addition of extra calcium and collagen at different concentrations into the 
hybridoma cell culture media generally reduced the concentration of the D36 cells. 
As can be seen in Figure 6.5a, that in the absence of extra calcium, the increase of 
collagen percentage in the media gradually reduced the cell concentrations except 
at the lowest collagen concentration (0.0025%) where no significant difference was 
found compared to the control treatment (0% collagen). On the other hand, the 
addition of extra calcium alone did not affect the cell count at all (Figure 6.5b).
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Figure 6.5: The effect of calcium and collagen additions on the cell concentration 
on day 4 of D36 hybridoma cells. Bars represent the standard error, n=3.
When calcium and collagen were added in combinations into the culture media,
only 0.01% and 0.02% collagen were applied with each concentration of calcium.
Microscopic observations showed no formation of aggregates at these low collagen
concentrations. As the main aim of the variation of calcium and collagen was to
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find the most appropriate condition for aggregate formation, only the higher 
collagen concentrations were tested and combined with each calcium 
concentration. The results in Figure 6.5c however suggest that the decrease o f the 
cell concentration was the result o f the collagen additions while no significant 
effect was found as the results of calcium additions.
The addition of calcium and collagen also caused various effects on the hybridoma 
cell viability (Figure 6 .6 ). In the absence of calcium, the increase of collagen 
addition from 0.0025% to 0.0075% significantly increased the cell viability 
compared to the control treatment (0%coUagen). However the percentage of 
viability was seen to decrease at the higher collagen concentrations of 0 .0 1 % and 
0.02% (Figure 6 .6 a). The addition of calcium alone without the presence of 
collagen showed no significant effect on the cell viability except at the highest 
additional calcium concentration (750pM) where cell viability dropped to below 
85% (Figure 6 .6b). There was also no improvement to the cell viability when 
calcium was added in combination with collagen. The results in Figure 6 .6 c 
showed that a significant reduction in the cell viability occurred with the 0 .0 2 % 
collagen addition compared to 0 .0 1 % collagen.
MTT assays were carried out to determine the metabolic activity o f the hybridoma 
cells as a result o f the addition of calcium and collagen. In the absence o f calcium 
addition, there was no significant difference of the optical density values for the 
0.0025% and 0.005% collagen additions compared with the control (0%) but there 
were some reductions at the higher collagen concentrations (Figure 6.7a). 
However the addition of calcium alone slightly affected the MTT assay by 
reducing the optical density value as the calcium concentration increased (Figure 
6.7b). There were also some contrasting effects observed when calcium and 
collagen were added in combinations compared to the previously reported cell 
concentration and viability measurements. Figure 6.7c shows that a higher 
metabolic activity o f the cells was detected in the 0 .0 2 % collagen addition 
compared with the 0.01% collagen addition. The presence o f calcium also did not 
affect the MTT assay of the treatments.
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The metabolism of substrate by the D36 cells as a result of the variation of calcium 
and collagen addition was also determined by D-glucose and L-lactate analyses of 
the cell culture media. Total glucose consumption was calculated by subtracting 
the amount of glucose analysed on the sixth day of incubation from the initial 
concentration of glucose (200mg/dl). Meanwhile total lactate production was 
obtained by direct measurement of L-lactate in the cell culture media on the 6 ^ day 
of incubation.
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Figure 6.6: The effect of calcium and collagen additions on the percentage
viability of D36 hybridoma cells. Bars represent the standard error, n=3.
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Results in Figure 6 .8 a show the increase of collagen concentration in the absence 
of calcium caused varied effects on glucose consumption. The lowest glucose 
consumption was observed for the 0.0075% collagen addition whereas the highest 
was obtained from the 0.0025% and 0.005% collagen additions. The addition of
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Figure 6 .8 : The effect of calcium and collagen additions on the total D-glucose 
consumption at day 6  of D36 hybridoma cells. Bars represent standard error, n=3.
calcium alone had no obvious effects of the glucose consumption (Figure 6 .8 b) 
while the combination of calcium and collagen additions at different 
concentrations showed that the glucose consumption of cells with 0 .0 1 % collagen 
was higher than the 0.02% collagen additions (Figure 6 .8 c).
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When the L-lactate production in the culture media was analysed, the results 
shown in Figure 6.9a were obtained. The addition of collagen in the absence of 
calcium resulted in some fluctuation of the lactate production level. Similar 
phenomena were also observed in the calcium and collagen combination 
treatments (Figure 6.9b). By contrast the addition of calcium alone caused no 
obvious difference in the lactate production between the tested concentrations 
(Figure 6.9c).
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The effect of variation of calcium and collagen concentrations on the conversion of 
glucose into lactate in hybridoma cell cultures was evaluated as the efficiency of 
glucose utilisation. The efficiency value was obtained by calculating the ratio of 
lactate production over glucose consumption (refer Section 5.4.1, description for 
Figure 5.9). Figure 6.10a shows that there was an inconsistent variation of the 
efficiency of glucose utilisation when collagen was added in the absence of 
calcium.
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Figure 6.10: The effect of calcium and collagen additions on the efficiency of 
glucose utilisation* of D36 hybridoma cells. * The efficiency of glucose 
utilisation is obtained by calculating lactate production/glucose consumption ratio; 
Bars represent standard error, n=3.
223
CHAPTER 6  NUTRIENT GRADIENTS IN D36 CELLS
The culture to which 0.0025% collagen was added portrayed the most efficient 
glucose utilisation compared to the other collagen concentrations as well as the 
control treatment.
However the addition of extra calcium alone -without collagen indicated no obvious 
effect on the efficiency of glucose utilisation (Figure 6.10b). Meanwhile, for the 
case of combined calcium and collagen, it can be seen that the cells with collagen 
addition at 0 .0 1 % utilised glucose more efficiently than the 0 .0 2 % collagen 
addition (Figure 6.10c).
6.4.2 The effect of calcium and collagen on the formation of D36 cell 
aggregates
The addition of calcium and collagen in various concentrations to the D36 cell 
cultures did not successfiilly induce aggregate formation. This phenomenon was 
recorded by photographic observation which showed that there was no 
morphological difference between the cells grown in control culture and iu the 
calcium and/or collagen additions (Figure 6.11a) in which, the cells were 
monodispersed. When the collagen concentration added into the culture media 
was increased, suspended collagen fibres were observed floating in the culture 
media and dead cells were seen attached to the fibres (Figure 6.11b). This 
situation might explain the reduction of the cell growth when collagen 
concentrations were increased.
6.4.3 The effect of calcium and collagen on the monoclonal antibody 
production
The production of the monoclonal antibody fi-om the D36 cells in the optimisation 
of calcium and collagen concentrations added into the media was measured by the 
Indirect ELISA method. The maximum production o f the monoclonal antibody 
was detected at the addition of 0.005% collagen in the absence of calcium as
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shown in Figure 6.12a. The addition of calcium suppressed the monoclonal 
antibody production at which very low concentrations of IgG were detected 
(Figure 6.12b). Almost the same phenomenon was obtained from the combination 
treatment of calcium and collagen additions except higher IgG concentrations were 
measured from the 0.01% collagen compared with the 0.02% collagen (Figure 
6 .1 2c).
$%
\
$
A,
b
Figure 6.11: Microscopic observation of the D36 cells grown in the culture media, 
without (a) and with (b) the addition of calcium and collagen, where the dead cells 
(indicated by arrows) were stained with crystal violets, found attached to the 
suspended collagen fibres.
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Figure 6.12: The effect of calcium and collagen on the monoclonal antibody 
production of D36 hybridoma cells. Bars represent standard error, n=3.
6.5 Discussion
An attempt to investigate the effect of calcium and collagen on D36 hybridoma 
cells was carried out based on the findings on HeLa S3 and BHK cells which were 
described in previous chapters. Both calcium and collagen affected the growth of
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aggregates. Since the D36 hybridoma cell culture had only been subcultured for 
propagation in multiwell plates (Kumar, 1989), the stability o f the cells had to be 
developed by subculturing them in bigger flasks for larger scale of cell
propagation. The cells were firstly adapted to grow in 50cm^ Roux flask and
2 2subsequently subcultured into 75cm and 175cm flasks. In order to carry out the 
nutrient gradient studies as had been done for HeLa S3 and BHK cells, the D36 
cells were finally transferred into roller bottles.
6.5.1 An adaptation for the D36 cells to grow in a larger suspension system 
than the Roux flask
The hybridoma cells were adapted to grow in a larger culture vessel, which was a 
roller bottle revolving at 3rpm, so that the experiments could be done in 100ml 
culture system for the induction of aggregates. There was a highly significant 
difference between the growth of hybridoma cells cultured in a roller bottle and a 
stationary Roux flask. The cell yield was almost 4 times higher in the roller bottle 
compared with the stationary flask. The increment of cell viability fi*om about 
50% in stationary flask to 90% in roller bottles indicated that the roller bottle 
revolving at 3rpm was a more suitable environment for D36 hybridoma cells 
growth.
6.5.2 The development of an ELISA method for the detection of monoclonal 
antibody from D36 cells
An ELISA method was developed for the detection of monoclonal antibody fi*om 
D36 cells. Two types of ELISA method were tested to determine the more reliable 
and sensitive method to quantify the amount of monoclonal antibody produced 
from the hybridoma cells. The most efficient concentration of the HRP conjugate 
enzyme was first determined and the dilution o f 1:12,800 was selected because it 
produced the highest OD value when titrated with the TMB substrate. The
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determination of the optimum concentration of HRP conjugate was important in 
order to identify the optimum enzyme concentration for maximum reaction with 
the substrate. A comparison o f the 2 types of ELISA evidenced that the Indirect 
ELISA was a more reliable and sensitive method for use in fiiture experiments for 
monoclonal antibody quantification.
6.5.3 Quantification of the monoclonal antibody
The amount of monoclonal antibody was quantified by referring to the regression 
line obtained fi’om the measurement o f standard mouse IgG using the Indirect 
ELISA method. Dilutions of IgG fi*om 250pg/ml to zero were carried out but the 
regression line was obtained fi*om the first 5 points. The regression equation of 
y=0.0018x -0.0045 indicated that the assay was rehable at a very low 
concentration of antibody. As a consequence, all samples for further studies were 
diluted and the OD values were calculated according to the actual concentration of 
IgG in a particular test sample. The maximum OD value was taken as the 
comparable amount of antibody amongst different culture treatments.
6.5.4 The effect of the variation of calcium and collagen on the growth and 
aggregate formation in D36 cells
The addition of collagen alone into the D36 cell culture at concentrations above 
0.005% significantly reduced the cell yield. Meanwhile, calcium addition did not 
affect the cell yield at all. Collagen addition resulted in an adverse effect on the 
D36 cell growth as reflected in the cell viability and MTT assay especially at the 
higher concentrations. Its combination with calcium also did not help the situation 
either by increasing the cell production or at least returning it to normal as 
exhibited in the control culture. Such a situation was also observed in the glucose 
consumption and lactate production. These findings indicated that the addition of 
calcium and collagen into the D36 cultures had directly affected the cell 
proliferation and consequently influenced cell metabolism.
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There was also no formation of cell aggregates either by collagen, calcium or their 
combination. The D36 cells were destroyed as evidenced from the microscopic 
observations where dead cells accumulated and attached to the collagen fibres 
suspended in the culture media. The formation of collagen fibres in the media was 
the result o f the application o f high concentrations o f collagen (0 .0 1 % and 0 .0 2 %). 
Even though a highly acidic solution was used to dissolved the collagen during 
stock preparation (Niyizibi et al., 1984), the collagen fibres started to reform and 
became visible after the collagen solution was added to the cell culture media 
whose pH was around 6.9-1 A. At lower collagen concentrations there were no 
collagen fibres seen in the culture media.
6.5.5 The effect of the variation of calcium and collagen on monoclonal 
antibody production
Even though the addition of collagen reduced the cell concentration, the data 
showed that the production of monoclonal antibody was increased, with the highest 
production achieved when 0.005% collagen was added into the culture media. At 
this collagen concentration, the cell concentration and MTT assay showed no 
significant difference with control cultures, which indicated an optimal growth o f 
D36 cells. By contrast, the addition of extra calcium suppressed monoclonal 
antibody production. The production of monoclonal antibody did not recover even 
when combined with collagen. Calcium obviously inhibited monoclonal antibody 
production even though it did not affect the cell concentration of the culture. The 
low cell concentration in cultures with added collagen at more than 0.005% 
managed to increase monoclonal antibody production by at least twice the level o f 
the control culture. These results suggested that collagen might has a distinct role 
in the production of monoclonal antibody from D36 cells. Such phenomena 
concurred with Barnes (1984), who quoted that collagen might be capable of 
assisting cell proliferation and differentiation. However, there was no such report 
concerning the role of collagen on assisting the expression of cell products such as 
monoclonal antibody and enzyme.
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6.6 Conclusion
The attempt to induce aggregate formation of D36 hybridoma cells by using 
calcium and collagen added into the culture media was unsuccessful. When added 
alone, calcium addition did not affect the cell growth but suprisingly suppressed 
the production of monoclonal antibody from the cells. Meanwhile collagen 
addition at high concentrations affected the cell growth but at the same time 
produced higher amounts of monoclonal antibody. An optimal concentration of 
0.005% collagen added alone was obtained, where this addition produced more cell 
growth as well as about 4-5 times more monoclonal antibody compared with the 
control culture.
Both additions of calcium and collagen into the culture media did not promote any 
aggregate formation. The increment of the concentration of both additives had 
only produce a toxic effect reflected by the decrease in the cell growth. The 
addition of larger amounts of collagen had resulted in the reformation o f collagen 
fibres suspended in the culture media. The application o f the combination o f 
calcium and collagen did not help in recovering the situation. Even though both 
additions failed to produce cell aggregation nevertheless the evidence showed that 
collagen had a special effect on the cell growth and monoclonal antibody 
production of D36 hybridoma cells.
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7. GENERAL DISCUSSION AND CONCLUSION
7.1 Introduction
The investigation o f nutrient gradients in animal cell aggregates was carried out by 
initially inducing the formation of cell aggregates in three types of cells. This is 
because the aggregate cell system has been seen as one of the potential approaches for 
the realisation of high concentration or high-density cell culture. Such an approach 
has become popular, especially when the effort to grow mammalian cells in 
suspension systems became limited due to the nature of most mammalian cells, which 
required a supporting substratum to grow and proliferate. According to Litwin (1985), 
the modification of the cell culture conditions might enhance the formation of 
aggregates in mammalian cells. Therefore in this study, HeLa S3 cells, BHK cells and 
D36 hybridoma cells were subjected to several treatments to obtain the most suitable 
culture conditions for the promotion of cell aggregation.
The formation of different sizes of aggregates from these cells had facilitated the 
studies of nutrient gradients on HeLa S3 and BHK cells. The nutrient gradients were 
determined indirectly through the analyses of the cell growth and their production. 
Meanwhile, direct determination of the nutrient gradient was obtained via cell staining 
and the application o f an intracellular O2 probe. These observations exhibited 
different phenomena of nutrient gradients in different types of cells. The implications 
of nutrient gradients in the culture systems were also evaluated by comparing the 
biological production from these cells as a result of aggregate formation. The 
biological products were poliovirus from HeLa S3, ALP enzyme from genetically 
engineered BHK cells and monoclonal antibody from mouse hybridoma, D36 cells.
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7.1 Induction of aggregate formation
Comparisons of different agitation conditions indicated that cell aggregates could be 
obtained by growing the cells in roller bottles revolving at ISrpm. Slower agitation 
speeds gave the cells an opportunity to attach themselves on the interior surface o f the 
bottles where they grew as a monolayer system. Meanwhile, the fester agitation speed 
of the suspended bar impeller in stirred flasks reduced the size of aggregates compared 
with those obtained fi*om roller bottle cultures. These results suggested that the 
mechanism o f agitation was capable of controlling the formation of aggregates. 
Moreira et a l (1992) concluded that the increase of the rate of agitation decreased the 
aggregate size, which directly indicated that aggregate size range was a function of 
agitation rate (Tolbert et a l, 1980). However, too large a size of aggregate also 
caused a detrimental effect on the system due to the formation of a necrotic zone in the 
centre of the aggregates (WeUnitz & Rakow, 1993). Therefore, the agitation speed of 
the culture system had to be determined and controlled to enable the cells to grow 
efficiently in the aggregate form.
The addition o f extra calcium into the cell culture media was carried out for the 
induction of cell aggregates. There is still no specific explanation about the role of 
calcium in cell aggregation. Some researchers claimed that calcium addition increased 
cell aggregation (Peshwa et ah, 1993) whereas others showed a decrease o f cell 
aggregation (Boraston et al, 1992). A preliminary study carried on HeLa S3 cells 
showed that additional calcium of around 500-750pM, supplemented into the cell 
culture media enhanced the aggregate formation but reduced the cell viability when 
higher concentrations than 750pM were added. The addition of calcium to enhance 
cell aggregation also indirectly promoted the cells’ attachment to the interior surface 
of the culture vessels. Therefore, silicone was used to prevent the cells fi*om sticking 
on to the interior surfece o f the culture vessels because of its function as a repellent 
(Davies, 1994). Visual observations showed that siliconisation of the culture vessels 
promoted aggregate formation of HeLa S3 cells in culture. The prevention o f the cell
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attachment to the interior surface of the culture vessel might induce the cells to clump 
together.
Many attençts have been made to induce aggregation of mammalian cells to facilitate 
their growth in suspension systems. The addition o f extracellular matrix components 
in cell culture studies particularly collagen is based on their original function in vivo 
(Bames, 1984), which holds cells together as well as providing strength to cellular 
tissues (Alberts et a l, 1994). However collagen had been used more extensively 
compared with other components because o f its abundance in the extracellular matrix 
and ease to isolation (Bames, 1984). The collagen used in cell culture studies, which 
were mainly related to cancer researches seeking the preparation of suspended cell 
aggregates for toxicity tests (Sutherland et a l, 1971; 1977; Yuhas et a l, 1978). These 
documented reports showed that collagen had successfully facilitated the aggregated 
cells’ growth in suspension in vitro and at the same time resembled the similar 
response to the intact cells in vivo. Based on these findings, collagen was chosen to 
promote cell aggregation in vitro for the production of biological products in culture.
Only a few researchers used collagen to support cell growth in culture for biological 
production. These included the application of collagen for cell attachment on 
microcarrier beads (Yamazaki et a l, 1995), the formation of collagen fibre (Ray, 
1990) and collagen gels to clump cells together (Wu et a l, 1996). This investigation 
showed that the addition of collagen to the cell culture media did not give any adverse 
effect on the growth of HeLa S3 cells. Furthermore, relatively larger cell aggregates 
were found compared with the calcium-induced aggregates. Since there were several 
types of collagen available commercially, a selection was made between these 
coUagens for use in the investigations. By simple fast tests, a desiccated type of 
collagen derived from calf skin was found to be the most useful option in promoting 
cell aggregation in culture.
Since both calcium and collagen were found capable o f inducing HeLa cell 
aggregation individually, experiments were carried out to combine both additives into
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the culture media. More extensive cell growth and aggregation indicated by the cell 
growth measurements and aggregate analysis were produced as the result of such 
combinations. The effects, which resulted from addition of calcium and collagen 
concentrations, led to the determination of the most suitable calcium-collagen 
combination for the more extensive growth and aggregate formation. This particular 
combination was then accepted as the optimum concentration for the specific cell 
system. Comparisons were also made on their effects on the production of biologicals 
from the cells. Simultaneously, these additions resulted in some ranges of aggregate 
sizes, which indicated that calcium and collagen had their role in controlling aggregate 
formation in culture. Similar treatments on BHK and D36 cells resulted in different 
calcium-collagen combinations for these cells respective. The HeLa S3 cells required 
750pM calcium and 0.0025% collagen while BHK required 500pM calcium and 
0.0075% collagen to produce maximum cell growth as well as the largest aggregate 
formation. Unfortunately, aggregate was not formed in D36 culture system and the 
addition of calcium and collagen generally caused detrimental effects, which reduced 
the cell growth.
7.3 The role of calcium and collagen
Both calcium and collagen were involved in controlling the formation of aggregates in 
HeLa S3 and BHK cells. These additions, when applied separately into the cell culture 
media were able to induce cell aggregation at certain concentrations as well as causing 
a destructive effect on the cells’ growth, particularly at higher concentration. These 
results concur with previous studies which showed that calcium could induce cell 
aggregation (Boraston et a l, 1992) as well as causing a toxic effect on the cells 
(Peshwa et a l, 1993). There was also an optimum combination of calcium and 
collagen concentrations, which induced the highest range of cell aggregate formation, 
as well as exhibiting more extensive cell growth for each type of cell. According to 
Mattey and his co-workers (1990), most of the cell-to-cell interactions, which involved 
the extracellular matrix components are Ca^^ dependent. It was also believed that
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reducing or increasing the calcium level in the culture media might change the 
attachment mechanism o f cells due to the alteration of the hydrophobicity of the group 
carrying the primary amino charges on the cell surface (Grinnel, 1978).
However, there were no reports on the role of collagen towards promoting cell growth, 
especially as collagen has no nutritive function in cell development (Sharp, 1977). In 
the past, collagen was widely used in cell biology studies especially at the molecular 
level (Bames, 1984). There are very few reports on its application for promoting cell 
growth for the production of a biological product. Collagen had only been used to 
enhance cell attachment to microcarriers (Yamazaki et ah, 1995) as well as being the 
microcarrier itself either in a form of collagen fibres (Ray, 1990) or floating collagen 
gels (Wu et a l,  1996). It has been used as a tool for cell propagation in culture 
systems whereas its possible role in cell-cell interaction, which might contributed to an 
intensification of cell growth has not been discussed.
The evidence from these studies showed that the application of collagen and calcium 
at the optimum level for each type of cells did not affect the -cell growth while 
producing larger cell aggregates. The addition of calcium and collagen in combination 
into HeLa S3 cultures produced relatively larger aggregates compared with the 
treatment when calcium and collagen were added separately. It also gave no 
significant difference to the cell proliferation but their metabohc activities were 
increased. Meanwhile, a different situation was found in the BHK cell culture system 
since this cell line already formed aggregates when grown in a control suspension 
system. The addition of calcium or collagen alone had generally caused a destmctive 
effect on the cell growth and viability. Surprisingly, when both calcium and collagen 
were applied in combination, normal cell growth was detected with larger aggregate 
formation. The optimum level of calcium and collagen addition was found at 500|iM 
and 0.0075% respectively, where a higher cell concentration and increased ALP 
production were detected.
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Both phenomena in HeLa S3 and BHK cells systems directly indicate that collagen 
played its fimction in holding cells to form aggregates. However, it was important to 
determine the optimum concentration, which was assumed to be a critical factor, since 
it might also caused a reduction of the cell growth. It is also interesting to mention 
that cell biologists who are involved in collagen studies believe that the role of 
collagen and other cong)onents of extracellular matrix are more extensive than the 
expression of a simple structural function. Hay (1981) noted that there are complex 
continuous interactions and communications between cells, which contributed to the 
development of cells and included the propagation, metabohsm and differentiation of 
the cells. Such a statement might be relevant in attempting to explain the increase of 
the poliovirus production from HeLa S3 cell aggregates and higher ALP production 
from BHK cells, when both were treated with their optimum concentrations o f calcium 
and collagen.
However, the attempt to induce cell aggregation in D36 hybridoma cells using similar 
calcium and collagen additions was unsuccessful. There was no clear explanation for 
this phenomenon except that it might be related to the molecular characteristics o f the 
membrane of the transformed hybridoma cells. According to Alberts and his 
colleagues (1994), transformed cells made less intracellular matrix materials such as 
fibronectin and actin, which diminished adhesiveness of the cells to surfeces or 
substrates. The results also indicate that monoclonal antibody production from the 
D36 cell line was not ‘growth associated’ which meant that the production level 
reached a maximum only when the cell growth approached its declining phase (Birch 
et a l, 1985). Therefore, the increase o f the antibody production due to collagen 
addition was assumed to be a consequence o f cell growth reduction.
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7.4 The phenomena of nutrient gradients in cell aggregates of different types of 
cells
The addition of collagen and calcium at different concentrations to the cell culture 
media resulted in different effects on the cell growth and formation of HeLa S3 and 
BHK cell aggregates. The nutrient gradients o f the aggregate systems were 
determined directly by cell staining and measurement of pÛ2 using oxygen 
microelectrodes, and indirectly by comparing the cell growth parameters obtained 
from a range o f aggregate size. This was because the condition of the cell physiology 
and metabolic activity of the cells was assumed to reflect the status o f the nutrient 
gradients within a culture system.
7.4.1 Indirect measurement of nutrient gradients
The analysis of data from the growth measurements indicated that the formation o f 
cell aggregates of HeLa S3 improved cell growth compared with the suspended cell 
system. This evidence indicated a positive gradient in the growth of HeLa S3 
aggregates. The cell concentration, viability and metabohc activities were elevated as 
the percentage of cell aggregation increased. Between these growth parameters, the 
highest elevation was obtained from the MTT assay, which portrayed the state o f the 
metabohc activity o f the cehs. Different phenomena were obtained from the BHK ceU 
aggregate cultures. No gradient was found in the cell concentration, while negative 
gradients were obtained in the ceh viability, glucose production and lactate 
accumulation. However, there was an increase in the cell metabolism, a positive 
gradient of the ALP production.
In both the HeLa’s and BHK’s aggregate systems, they was an indication that the 
existence of nutrient gradients as measured indirectly, could influence the cell growth 
and the ceh productivity. It could be either a positive or negative influence depending
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on the cell type as well as the desired products (Spier, 1995). The formation o f larger 
aggregates in HeLa S3 cells increased the cell concentration and viability, and 
therefore fecilitated the production of poliovirus. This is important for the 
estabhshment and maintenance of a large breeder culture for the production of 
biologicals such as vaccines or interferones (Phillips et ah, 1985). Meanwhile, 
negative gradients as found in the BHK aggregate system did not reflect a negative 
effect on the production of the desired product, the ALP. It was deduced that more 
energy in the form of ATP was produced due to the lack of lactate accumulation in the 
culture media in relation to glucose consumption. Such a situation indicated a higher 
rate of cell metabolism. This assumption has been supported by the evidence that 
ALP production was increased with the size of the BHK cell aggregates.
7.4.2 Direct measurement of nutrient gradients
The application of fluorescent dyes and a confocal microscope for the direct 
measurement of the gradient in HeLa S3 aggregates facilitated the determination o f a 
cell viability gradient. Because of the loosely packed aggregates, the dead cells 
(which were stained red) were released from the aggregated ceÊs, leaving the viable 
cells (stained green) intact. Therefore, no viability gradient was observed, while the 
aggregates became smaller in size towards the end o f the cultivation periods. The 
widespread distribution of the dead cells after infection with poliovirus also indicated 
that there was no specific pattern of viability gradient within the HeLa S3 cell 
aggregates. The formation of larger aggregates, due to calcium and collagen addition, 
did not show any distinguishable difference of viability gradient compared with the 
control culture (which exhibited a relatively smaller degree of aggregation).
The same staining methods could not be applied for measuring the nutrient gradient in 
BHK cells due the larger s\zd of the aggregates, which made such a procedure 
impracticable. Another alternative was carried out by using a special microelectrode 
probe for the measurement of pO] gradient, which also showed the viability and
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survival of the cells throughout the aggregates. The existence of nutrient gradients 
was illustrated by the p0 2  profiles, which depended on the size and morphology of the 
aggregates. There was no p0 2  gradient detected on flat shaped aggregates, while a 
lower p0 2  zone was discovered towards the centre of rounder or spherical shaped 
aggregates. Zero and lower p0 2  zones became more obvious when the diameter of 
aggregates increased. However, different phenomena were found in aggregates 
produced from cultures with added calcium and collagen. The regions, which 
indicated lower pÛ2 measurements, tend to decline even though the aggregates were 
relatively larger in sizes. The measurement of p0 2  gradient gave more information on 
the cell growth within the BHK aggregates, where the cells sustained their survival 
even though the aggregate was greater than 1000pm in diameter. Such measurements 
also provided more evidence of the role of calcium and collagen additions on the 
growth of the BHK cell aggregates in culture.
7.5 Production of biologicals from aggregate cell cultures
The addition of calcium and collagen at various concentrations into the culture media 
was initially intended for the promotion of aggregate formation in those cells. 
However, it was surprising to find that their application had also contributed to an 
increase in the productivity o f the particular cells. HeLa S3 aggregates induced by the 
addition of 750pM calcium and 0.025% collagen had produced a larger size of 
aggregate, hence releasing almost twice the amount of poHovirus titres compared with 
the negative control culture. The formation of aggregated HeLa cells had obviously 
elevated the pohovirus production. This phenomenon was not evidenced when cells 
were given similar calcium and collagen treatments and were grown in the stirred flask 
where they produced smaller aggregates. Relatively larger aggregates were obtained 
from the roller bottle culture, which also produced the higher poliovirus titre. In both 
cases, there was no significant difference in the cell concentrations obtained before 
virus inoculation.
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Similar effects were also shown when calcium and collagen were added into BHK cell 
culture media. The addition of 500pM calcium and 0.0075% collagen increased the 
cell concentration as well as the ALP production, both in the stationary system and 
suspension system in roller bottle compared to the non treated cultures. However, the 
suspension system seemed to be the preferred system where the highest amount o f 
ALP was produced.
7.6 Conclusion
Based on the results of these studies, it was concluded that the addition o f calcium and 
collagen at appropriate concentrations had successfully induced cell aggregate 
formation, in which both additives were regarded as the controlling agents o f cell 
aggregation. Simultaneously, the formation of aggregates of HeLa S3 and BHK cells 
had promoted more extensive cell growth. Larger cell aggregates formed while the 
cell concentrations were maintained, and consequently produced higher airiounts of 
valuable products. The investigation of the nutrient gradients inevitably indicated the 
potential o f the aggregate system as a possible means towards the large scale 
production of mammalian cells and their products. However, it is important to 
perceive that such system might not suitable for some cell types, such as the D36 
hybridoma cells.
7.7 Prospect for future studies
The ability of cells to form aggregates has enabled researchers to grow anchorage 
dependent cells in suspension system without the need of supporting substrates. 
Various cell culture technologies could be implemented and tested for the production 
of valuable biological products.
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1. The aggregated cells could be manipulated as suspended single cells, with any 
cultivation system that has been readily established. However the consideration 
should be given to the conditions that might break the cell aggregates especially 
when mechanical agitation were to be used.
2. The aggregated cell could also be grown in a “high concentration” system. 
Various adaptations could be made based on the microcarrier culture system. 
Propagation in hollow fibres or fluidised bed reactors with perfiision, for example 
might also be a potential system.
Both approaches need comprehensive considerations of the requirements o f the cell 
growth and productivity at a larger scale, especially with regard to the oxygenation 
mechanism. This is because, oxygen is well-known as a limiting fector, which 
normally presents an obstacle for propagation of mammalian cells either in larger 
culture vessels or at higher cell concentration systems.
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APPENDIX 1 : Preparation of the cell growth medium, R P M I1640 containing 
2g/l sodium bicarbonate supplemented with 5% Newborn calf serum
Ingredients :
RPMI 1640 Medium (XI0 concentrate).......................... .......100 ml
7.5% Sodium bicarbonate solution ........................................... 26.7 ml
200 mM Glutamine solution ..................................................... 10 ml
Newborn calf serum ................................................................... 50 ml
Penicillin and Streptomycin solution ........................................10 ml
Milli-Q distilled w a te r  Add to a final volume of 1000 ml
APPENDIX 2 : Preparation of Phosphate Buffered Saline (PBS)
1 tablet of PBS (Sigma) was dissolved in 200 ml distilled water. The pH was then 
adjusted between 1.2-1 A.
APPENDIX 3 : Preparation of Preservation medium
Growth medium (2X concentration)   50 ml
Fetal calf serum ................................................  20 ml
Glycerol ...................................................................  20 ml
Milli-Q distilled water Add to final volume of lOO ml
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APPENDIX 4 : Preparation of Maintenance medium
Growth medium (2X concentrate)  50 ml
Foetal calf serum .........................................................2 ml
Milli-Q distilled water Add to final volume of 100 ml
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